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ABSTRACT
The research reported in this thesis couples experimental testing with numerical 
simulations to characterise the mechanics of structural timber materials reinforced with steel and 
fibre reinforced plastic composites. The structural timber composites investigated exploit both 
mechanical and adhesive connection techniques. The performance of high strength shot fired nails 
is investigated in double shear flitch joints as well as in flitch beams loaded in flexure. Eurocode 5 
equations used for predicting the design resistance of double shear joints are modified to 
accommodate higher strength shot fired nails. Altering the nailing density of steel-reinforced LVL 
flitch beams influences the failure modes as well as the mechanical properties. Mild steel and fibre 
reinforced plastic composites are used to reinforce LVL flexural beams in four different 
geometrical configurations and are bonded-in axially as plates or rods. The geometrical effects of 
the reinforcements and their locations in beams are compared using both classical and 
contemporary theory in experimental programmes and non-linear finite element simulations. Using 
the transformed section method to compare the different reinforcing materials, lower modulus FRP 
reinforcements are found to be as effective at enhancing the strength and stiffness as high modulus 
reinforcements. Using elastic-plastic finite element models, the geometry of the reinforcement used 
in steel-LVL composite beams is shown to have a significant effect on the strength and stiffness as 
a function of the reinforcement volume fraction. The mechanical properties of spruce beams 
repaired following fracture are also investigated. Mechanical repairs are applied to the fractures 
using bonded-in steel and fibre reinforced plastic composite plates. Repairing tensile fractures 
restores the original beam depth and restrains crack growth. As a consequence, repaired beams 
often exhibit higher strength and stiffness properties as compared to their properties as 
unreinforced beams. The thesis concludes with design recommendations.
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PREFACE
The ubiquitous nature of timber and its recurrent utilisation in architectural structures 
makes it a valuable material for man. In the global and historical scale of research endeavours, 
reinforcing timber with high strength and stiffness materials is contemporary, and requires further 
research effort so that general rules, codes and principles can be unanimously accepted and 
implemented.
The research presented in this thesis aims to ‘put another berry in the bucket’, and begins 
with a chapter summarising the work of other researchers who have reported on experimental or 
theoretical research that is related to this work. The chapter begins with an account of the 
composite nature of wood, its properties and the factors affecting them and then explains briefly the 
types of materials that are normally used to reinforce timber for structural applications. The 
Chapter then continues with an investigation into published material on methods for connecting or 
reinforcing timber and focuses specifically on dowel-type fasteners as well as adhesive bonding 
methods. A deeper review follows of research publications on reinforced structural timber 
composite beams, which is followed by a short account of the repair and restoration of timber 
structures. The fmal section of Chapter 1 concludes with an introduction to finite element analysis, 
which is a numerical method used for a significant part of the analysis of research results and for 
predictions.
Chapter 2 sets into motion the research that has been conducted for the PhD and reports on 
a research investigation into the shot fired nailing of structural steel-to-timber composites. The 
chapter begins with an experimental study of double shear flitch joints, which are subsequently 
investigated using numerical methods. Eurocode 5 equations for predicting double shear are also 
modified in this section for shot fired nails as the nails have high strengths not accounted for by the 
current European standards. Flitch beams connected by shot fired nails are then studied, paying 
particular attention to the effect of nailing density on the mechanical properties of beams, the stress 
concentrating effects of using different nailing patterns and densities and the beneficial effect of 
using this nailing technique for standard flitch beams made of laminated veneer lumber (LVL) and 
Sitka spruce.
Chapter 3 continues the research presented at the end of Chapter 2 by comparing nailed 
steel-LVL flitch beams with adhesively bonded steel-LVL flitch beams. The chapter describes the 
adhesive bonding method for bonding-in steel and fibre reinforced plastic composites in different 
geometrical configurations as reinforcements for LVL flexural beams. The finite element method is 
then used to predict the stiffness as well as the limit of proportionality of adhesively bonded steel 
reinforced LVL beams and subsequent virtual experimentation reveals further insight into the 
performance of steel reinforced LVL.
Reinforcement for use in repair and restoration of fractured timber is tackled in Chapter 4, 
again using the adhesive bonding method to connect the composite elements. Steel and fibre 
reinforced plastic composites are used to repair fractured spruce beams and the performance of 
mechanically repaired beams are investigated with reference to fracture paths. The issue of 
mechanically repairing timber is important as it finds practical use as a conservational aid for 
historic buildings and has economical, ecological and conservational significance. The last chapter, 
Chapter 5, proposes economic design principles as well as application rules based upon the 
research results reported in Chapters 2, 3 and 4 and brings the thesis to a close with a discussion 
and a list of conclusions.
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Chapter 1 THEORY AND BACKGROUND
Chapter l  THEORY AND BACKGROUND
The reinforcement of timber for structural applications and repair is an area of 
research that has practical significance. This introductory chapter is essentially 
a review of the literature and begins with a section describing the structure, 
properties and characteristics of wood. The following section describes 
methods for connecting reinforcing materials and focuses on dowel-type 
fasteners in joints as well as adhesive bonding methods. The subsequent section 
reviews the reinforcement of timber beams used as flexural members and is 
followed up with details of factors that necessitate repair as well as recent 
research activities concerning timber beam repair. The final part o f this chapter 
introduces the finite element method and goes on to review key research papers 
where this method has been used to analyse composite timber joints.
1.1 The structure, properties and characteristics of wood
Derived from the medieval timber trade, “hardwoods” and “softwoods” are well known 
terms, which have little association with the hardness of wood, Butterfield and Meylan (1980). 
Some hardwood species are softer than softwoods and the botanical definition is perhaps more 
comprehensible. Hardwood species (angiosperms) are separable from softwood species 
(gymnosperms) because the seeds borne by angiosperms are enclosed within the ovary of the 
flower whereas in contrast, gymnosperms bear seeds that are not enclosed in this way, Miller 
(1987). Although there are evident micro- and macro-structural differences between the wood from 
angiosperms and the wood from gymnosperms, the primary constituents and structural 
arrangements for both are rooted in composite science.
1.1.1 The composite structure of wood
The role of a composite is to combine the properties of two or more materials to generate a 
material that exhibits conjoint properties from all of them. Common arrangements of composite 
materials include particulate reinforced composites, fibre reinforced composites and laminates. 
Wood consists of fibre reinforced composite and laminated composite arrangements, which 
together influence the macro-structural properties of sawn timber. At the molecular level, the three 
primary constituents of wood are cellulose, the hemicelluloses and lignin. The molecular level 
backbone of wood is highly ordered crystalline cellulose, a giant polysaccharide made up entirely 
of glucose units, which are connected by p linkages, Purves et al (1995). Lignin glues the cellulose 
and the hemicelluloses together to increase the overall mechanical strength of wood, Rowland 
(1992). The cellulose molecules are very stiff along the chain axis and are helically oriented. The
1
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lignin locks into place the cellulose molecules in the form o f microfibrils and effectively stiffens up 
the woody structure. The elastic modulus o f cellulose according to Salmen (2001) is no higher than 
134GPa.
The structural material in wood at an ultra-structural level is essentially comprised o f xylem. 
Xylem  is generally made up o f tracheids and ray cells. The tracheids dominate both numerically 
and volumetrically, and are laminated tubular structures, each lamina in each tracheid cell wall 
being made up o f microfibrils. The tracheid cell wall density is 1500kgm'3, Walker (1993) and the 
microfibril orientation is different in each o f the cell wall laminates relative to its neighbouring 
wall, Wardrop (1963). Figure 1.1.1, taken from Eaton and Hale (1993), shows a diagram 
representing the cell wall organisation o f a mature tracheid. The outer wall represents the primary 
cell wall layer and surrounds the three secondary layers Si, S 2  and S3. The orientation o f the 
cellulose microfibrils is represented in each layer by lines. The innermost warty layer is 
insignificant in its contribution to the physical properties o f the tracheid, Bodig and Jayne (1993). 
The S 2  layer is considered the microfibril angle as its contribution to strength and stiffness is more 
significant than the Si and S 3 layers. Higher microfibril angles result in lower values for the elastic 






F igu re  1.1.1 Cell w a ll o rg a n isa tio n  o f  a m atu re  tra ch eid , from  E aton  a n d  H a le  (1 9 9 3 ).
Xylem  cells differentiate from the vascular cambium. The rate o f cell production from the 
cambium is seasonally dependent with faster and slower growth resulting in less dense and more 
dense woody material respectively. The darker denser material is termed latewood and the lighter 
coloured lower density material is the earlywood. The cellular transition from earlywood to
2
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late wood is more gradual than the transition from latewood to earlywood. Together, pairs o f  
earlywood and latewood bands represent the growth rings and the growth rings are in essence, 
macro-structural laminates that critically determine the mechanical properties o f  sawn timber. 
Discontinuities and abnormalities in growth rings do not have any adverse effects on the service 
quality o f wood, Tsoumis (1968). Fast grown trees have larger growth rings than slow grown trees 
and contain a higher volume fraction o f juvenile wood compared to mature wood. Juvenile wood 
has very few  differences in chemical composition to mature wood; however it has highly 
contrasting physical and mechanical properties. Juvenile wood absorbs more water, is less dense, is 
neither as stiff nor as strong as mature wood, has shorter tracheids, thinner cell walls and higher 
microfibril angles, Bao et a l (2001). The mechanical properties o f  fast grown trees are hence 
inferior to slow grown counterparts, Kretschmann and Bendtsen (1992). Experimental variability, 
with regard to the stiffness, is also greater in fast grown trees than in slow grown trees, Bengtsson
The cross sectional macro-structure o f a tree is summarised in Figure 1.1.2, which is taken 
from D inwoodie (2000). The longitudinal axis is parallel to the grain and the radial and tangential 
directions are therefore perpendicular to the grain. It can be seen from Figure 1.1.2 that there is a 
definite distinction between the central wood o f a tree, the heartwood, and the wood closer to the 
bark, the sapwood. The heartwood is usually darker in colour and is highly impermeable to 
moisture relative to the neighbouring sapwood. Thus, heartwood is harder to treat than sapwood 
when liquid based wood preservatives are used, however, the heartwood is inherently more 
resistant to decay and fungal attack, Hoffmeyer (1995).
Rays
F igu re  1.1.2 D ia g ra m m a tic  rep resen ta tio n  o f  a w ed g e  sh a p ed  se g m e n t  cu t fro m  a fiv e  y ea r  o ld  h a rd w ood  
tr e e  sh o w in g  th e  p r in c ip le  stru ctu ra l fea tu res , fro m  D in w o o d ie  ( 2 0 0 0 ) .
(1999).
Pith
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1.1.2 Factors affecting the properties and characteristics of wood
The composite characteristics o f timber are hindered by the presence o f  natural defects such 
as fungal decay, knots, cracks and fissures. Moreover, chemical, seasoning and conversion defects 
also hinder the efficiency o f  timber, Kermani (1999). Xylem  vessels grow around knots and gross 
non-linearity results in the direction o f the grain. This significantly reduces the strength and 
stiffness o f timber sections parallel to the grain axis. Xu (2002) has reported on a decreasing 
parallel to grain stiffness for timber as a function o f increasing volume fraction o f knots. The 
decline o f parallel-to-grain stiffness was also found to be more radical as the growth angle o f the 
knots in the timber heightens. This is a logical outcome, because the grain direction o f the knot 
contributes less to stiffness as the grain o f the knot deviates further away from the timber grain. 
According to Itagaki et al (2001), the timber itself, loaded in tension parallel to the grain axis, 
experiences high localised deformation near knots in a direction perpendicular to the grain and 
therefore, normal to the loading direction.
The stiffness o f wood decreases as a function o f increasing distance from the centre o f the 
tree, Bengtsson (1999). Fluctuations in the moisture content o f  timber sections can result in 
seasoning defects, which include warping, twisting and bowing. Sudden, major changes in 
humidity generate significant internal stresses in timber, Svensson and Toratti (2002). The 
shrinkage caused by moisture loss in the tangential direction o f wood is higher than in the radial 
direction. Many woods have an approximate value o f 2 for tangential to radial shrinkage. The 
shrinkage in the longitudinal direction is significantly lower than in the tangential direction. These 
differences in the magnitude o f shrinkage for the tangential, radial and longitudinal directions are 
the prime cause o f moisture related shape changes in wood, Skaar (1972). The position from which 
wood is cut from a tree determines the different moisture related shape changing effects, Figure 
1.1.3.
F ig u re  1.1.3 D is to r tio n s  ca u sed  by d ry in g  o f  v a r io u s c ro ss  s e c t io n s  cu t fro m  d iffe re n t r eg io n s  o f  a log , from  
H o ffm ey er  (1 9 9 5 ).
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The strength and stiffness properties o f timber are highly dependant upon the moisture 
content. DD ENV1995-1-1 (1994), part o f Eurocode 5 (EC5), has categorised moisture content 
within three service classes for timber sections. Service classes 1, 2 and 3 refer to moisture contents 
o f less than 12%, 12% to 20% and above 20% respectively. Decreasing the moisture content results 
in higher values for the elastic modulus o f timber. However, the flexural rigidity, El, is almost 
unaffected by a decreasing moisture content. This is a direct result o f a reduced second moment o f  
area, which is a function o f cross sectional shrinkage upon drying, Madsen (1992). Figures 1.1.4 
and 1.1.5 illustrate this phenomenon well.
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The strength characteristics in tension are less affected by moisture fluctuation than the 
strength characteristics in compression, Figure 1.1.6. By and large, the tensile strength o f  timber is 
unaffected at different moisture contents. However the compression strength falls dramatically as a 
function o f increasing moisture content, Madsen (1992). Larger volumes o f timber contain more 
defects than smaller volumes and properties can vary according to material dimension. The strength 
in particular, o f  tensile loaded timber will decrease as a function o f increasing length, Burger and 
Glos (1996).
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F igu re  1.1.6 T e n sio n  and  C o m p ress io n  stren g th s  a s  a fu n ctio n  o f  m o is tu r e  c o n te n t  a t d iffe re n t lev e ls  fro m  a 
n o rm a l d istr ib u tio n , fro m  M adsen  (1 9 9 2 ).
The negative effect o f defects and moisture variation can be countered by manufacturing 
structural timber composites, which reduce the inherent heterogeneity o f  timber members. This is 
often achieved by gluing and laminating timber and is commercially available as laminated veneer 
lumber (LVL) and glued laminated timber (glulam).
1.1.3 The mechanical properties of wood and wood composites
As wood is an anisotropic and heterogeneous material, it is im possible to specify elastic 
stress-strain relationships that will cater for every possible direction. A simple and comprehensive 
way o f describing elasticity in wood is by assuming three directions o f orthogonal symmetry, more 
specifically in the radial, tangential and longitudinal directions. If the overall properties in each 
direction are assumed uniform, then three-dimensional H ooke’s law can be satisfactorily used to 
describe the elastic behaviour o f wood. Equation 1.1-1, adapted from Hull and Clyne (1996) and 
Bodig and Jayne (1993), shows the three-dimensional H ooke’s law for cases where the symmetry 
axes and geometric axes are coincident. The subscripts 1, 2  and 3 refer to the different directions o f  
assumed elastic symmetry. The constants E, G, v, a, e, r and y refer to the elastic modulus, the shear
6
Chapter 1 THEORY AND BACKGROUND





—  -12L __2L 0 0
_  -L2L 0 
Ei E2 £3 





.E quation  1.1-1
Solid timber is categorised using a strength class system in prEN 338 (2000). Idealised 
stress-strain curves for wood in tension and compression, both parallel and perpendicular to the 
grain, are shown in Figure 1.1.7. Three characteristics are immediately apparent. The first is that 
wood is stiffer and stronger parallel to the grain than perpendicular to the grain. Secondly, although 
the elastic modulus o f  wood is equal in tension and compression, the strength in compression is 
lower than in tension. Thirdly, it can be seen that wood exhibits essentially brittle characteristics in 
tension, however in compression, ductile failure is evident. Failure in compression is due to local 
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F igu re  1.1.7 S tr e ss-s tra in  cu rv es fo r  w o o d  lo a d ed  in  te n s io n  a n d  c o m p r e ss io n  b o th  p ara lle l and  
p e r p en d icu la r  to  th e  g a in  ax is, rep ro d u ced  fro m  E dlund (1 9 9 5 ).
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Timber beams subjected to flexure experience tensile stresses on one side of the neutral 
axis, whilst the other side of the beam’s neutral axis endures compressive stress. Although timber is 
weaker in compression than in tension, timber beams may fail in various manners. The manner of 
failure is related to the physical characteristics of each individual beam. High-density woods often 
fail in tension, Figure 1.1.8 (a), whilst beams with a cross grain fail in tension at an angle parallel to 
the angle of the cross grain, Figure 1.1.8 (b). Splintering tensile failure occurs in dry wood, Figure
1.1.8 (c), and brash tension fracture may signify molecular level abnormality in the wood, Figure
1.1.8 (d). Compressive failure can be observed in clear, low-density wood, Figure 1.1.8 (e), and 
horizontal shear failure near the neutral axis, Figure 1.1.8 (f), often occurs in woods that have sharp 
changes in growth zones, Bodig and Jayne (1993).
Composite timber, such as LVL, exhibits different failure characteristics and strength 
properties as compared with solid timber. The strength of LVL essentially depends upon the type 
and grade of timber used, Fargey et al (1990), the intimacy of bonding between the laminates and 
the presence of existing, or indeed, introduced defects such as scarf joints. Scarf joints incorporated 
in the manufacturing process of LVL reduce the flatwise-bending strength by up to 28% as 
compared with LVL free of scarf joints, Forintek Canada Corp. (1989).
Figure 1.1.8 Examples o f failure in wooden beams subjected to flexure, (a) Tensile fracture, (b) cross-grain 
tensile fracture, (c) splintering tensile fracture, (d) brash tensile fracture, (e) compressive buckling and (f) 
horizontal shear fracture, reproduced from Bodig and Jayne (1993).
Reinforcing flexural timber beams with other materials can influence the mechanical 
properties and can be used to control the mechanism of failure. The choice of material is often 
determined from research information and the motivation for reinforcing.
8
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1.1.4 Reinforcing materials for timber
Whether structural members are made of solid wood or of wood composites, there is great 
potential in reinforcing timber. The reinforcement of timber by traditional metallic materials (such 
as steel) as well as modem fibre reinforced plastics (FRP) has been reported in the literature for 
many decades and the research is ongoing. The following section aims to briefly discuss such 
reinforcing materials, as both metallic and FRP composite reinforcements will be thoroughly 
exploited in this thesis.
Steel reinforcements are tried and tested methods for upgrading or repairing timber 
structures. They are advantageous because they avoid the need for gross removal of timber during 
repair situations, they increase the overall strength of the timber member and they can be easily 
incorporated into simple strength estimates, Ross (2002). Metals such as steel are attractive 
reinforcing agents for timber due to their low cost, high ductility, high strength and high stiffness 
properties. Although steel is often assumed isotropic, rolled steel has directionality, Hill (1948). 
BS 4360 (1986) is an informative standard for structural mild steels. According to this standard, 
mild steel under 16mm thick has a minimum yield strength of 275MPa, a minimum tensile strength 
of 430MPa and has a minimum elongation to failure of 20%. The advantages of steels are that they 
have high strength and stiffness properties, are durable, easy to use in simple predictive 
calculations, ductile and tough. The major disadvantages of structural mild steels however are that 
they rust and are susceptible to buckling especially at high temperatures, McCormac (1995).
Fibre reinforced plastics such as glass fibre reinforced plastic (GFRP) and carbon fibre 
reinforced plastic (CFRP) are generally less susceptible to degradation than mild steel. FRP 
composites are therefore an attractive substitute for mild steel as they can also have high strength 
and stiffness properties. FRP composites show greater compatibility with timber than steel. Factors 
such as the strain at yield, the differential stiffness, the thermal expansion coefficient and the 
environmental resistance suggest that FRP composite reinforcements are more compatible than 
traditional steel, Tingley (1996). Carbon fibres used in FRP composites can have stiffness values 
ranging from 280-530GPa and tensile strength values ranging from 1900-5700MPa. Likewise, 
glass fibres used in FRP composites have stiffness values ranging from 72-87GPa as well as 
strength values ranging from 3400-4500MPa, Chung (1994). The fibres are normally embedded in 
polymeric matrices, which in contrast to the fibres themselves, have exceptionally low strength and 
stiffness properties. The combined mechanical properties of composite materials therefore lie 
somewhere in between those of the fibres and the matrix with CFRP composites having typical 
stiffness values of about 100-150GPa and typical stiffness values of GFRP composites being 
between 30-60GPa, Hull and Clyne (1996).
9
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Unsurprisingly, the mechanical properties of timber reinforced with steel or FRP 
composites will depend upon the efficiency of the connection. The following section aims to 
discuss methods commonly used for connecting steel and FRP composites to timber.
10
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1.2 The reinforcement to timber connection
This section aims to familiarise the reader with the factors that affect the effectiveness o f  
joining reinforcing materials to wood. The subject o f  joining composite members is vast and so 
only joining methods that are relevant to the later content o f this thesis will be detailed. These 
include mechanical dowel-type fasteners and adhesives.
1.2.1 Load-slip behaviour of dowel-type-fasteners
Mechanical fasteners are divided into groups, which are defined by the characteristics o f  
force transfer between the fastener and the connected members. Dowel-type-fasteners include 
bolts, dowels, nails or screws and force transfer is determined by the behaviour o f  the fastener in 
bending and the stresses that develop in the timber along the shank o f the fastener, Racher (1995). 
M odem  European code specifications (Eurocode 5 [EC5]) for predicting the design resistance o f  
joints connected by dowel-type-fasteners are based upon models developed by Johansen in 1949.
1.2. l . i  SINGLE FASTENER JOINTS
Johansen’s models for predicting the load carrying capacity o f  timber joints are based on 
the embedment strength, f h, o f  the fastener in timber. The test method used is shown in Figure 1.2.1 
(a) and closely resembles the modem American standards for determining embedment. The 
European standards for determining embedment, Figure 1.2.1 (b), are slightly different and details 
are available in prEN 338 (2000). An empirical comparison o f American and European methods 
for measuring embedment, Pope and Hilson (1995), concluded that the European method permitted 
greater accuracy both parallel and perpendicular to the grain direction.
Metal support for compressing 
fastener into timber









F ig u re  1.2.1 (a )  E m b ed m en t o f  a fa s te n e r  in to  tim b er  w h ere  lo a d in g  is  a p p lied  d irec tly  o n to  th e  fa ste n e r  
a b o v e  th e  t im b er , (b ) T he E uropean  m eth o d  fo r  e m b ed d in g  a fa s te n e r  in to  t im b e r  lo a d s th e  fa ste n e r  both  
s id e s  o f  th e  t im b e r  m em b er  u s in g  rig id  gr ip s.
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Johansen defined the embedment strength as p/dt where p  is the maximum load exerted 
upon the fastener, d  is the diameter of the fastener and t is either the thickness of the timber 
member (assuming full fastener penetration) or the length of the fastener in the timber. Johansen 
reported on the evolution of a plastic yield plateau beyond a proportional limit below which linear 
elastic behaviour occurs. This is a typical outcome of compressing wood beyond its yield strength, 
which has been shown in Figure 1.1.7.
Embedment can be described as the, “indentation o f a fastener into the foundation material 
measured relative to a point in the material that remains undisturbed”, Rodd et al (2000), and//, is 
independent of the fastener diameter parallel to the grain, Sawata and Yasumura (2000). 
Perpendicular to the grain however, Sawata and Yasumura reported a decreasing f h arising as a 
function of increasing fastener diameter. The embedment strength of nailed joints is however 
unaffected by loading at any angle relative to the timber grain, Hilson (1994), and is likely to be a 
consequence of the inherent slenderness of nails. Indeed, the load carrying capacity, and therefore 
also fh, is independent of loading angle relative to the grain for any fasteners with a diameter below 
8 mm, Racher (1995a). The embedment strength however, both parallel and perpendicular to the 
grain, increases as a function of increasing timber densities, Sawata and Yasumura (2000).
Timber is not the only casualty of non-recoverable plastic deformation in a load-slip 
characteristic. The fasteners are also susceptible to yielding and plastic straining. Johansen’s 
models account for a maximum elastic moment capacity of fasteners, however the potential 
increase in moment that may arise when yielding proceeds in a fastener is not accounted for. BS 
EN 409 (1993) hypothesises that plastic straining is reached across the whole cross section of a 
fastener on reaching an angle of 45° and the yield moment capacities have thereby been 
incorporated into the EC5 modified Johansen models. The hypothesis of BS EN 409 (1993) has 
been refuted by Blap et al (2000) who observed an angle lower than 45° at peak failure load in 
many of their test specimens. This observed yield-angle relationship showed that a plastic moment 
capacity should be considered specific to the yield angle of the fastener in question. To assume a 
yield angle of 45° is an oversimplification that may give rise to inaccurate theoretical predictions.
EC5 provides the failure modes for fasteners in double shear (i.e. timber-steel-timber 
composites). These failure modes assume that the fasteners are flush and tight in the steel and 
timber. For fasteners placed in oversized holes however, different modes of failure are reported, 
Lukindo et al (1998). Figure 1.2.2 shows the three failure modes described in EC5 for fasteners in 
double shear and the representative equations for predicting the design resistance (Equations 1.2-1,
1.2-2 and 1.2-3 for modes I, II and m  failure respectively). The equations and failure modes in 
Figure 1.2.2 are the same for joints where the fastener is subjected to single shear in steel-timber 
composites and the steel plate is thick enough to resist yielding under the duress of loading. The 
double shear situation is seen as simply being a doubled up version of thick steel plate to timber 
composite joints.
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Rd = U f h, i M ................................................ (M o d el). E qu ation  1.2-1
AM
12+ * - - 1
fhXddtf
.(M ode II). E qu ation  1.2-2
Rd =  1 ..........................(M ode III)....................  E qu ation  1.2-2
F ig u re  1.2 .2  M o d es o f  fa ilu re  and  re la ted  eq u a tio n s  fo r  th e  d e s ig n  r e s is ta n c e  o f  tim b e r-ste e l-t im b e r  s in g le  
fa s te n e r  jo in ts  a s  p r e se n ted  in  E u rocod e 5.
In Figure 1.2.2, mode I failure is characterised by a simple embedment o f  the fastener into 
the timber where the fastener does not experience permanent deformation. M ode II failure is 
identified as a single plastic hinge that develops at the steel plate-timber interface on each side of  
the plate and the timber plastically deforms under the movement o f  the fastener. M ode III failure 
sees the development o f two plastic hinges in the fastener either side o f the steel plate. One plastic 
hinge forms at the steel plate-timber interface and the other forms at a distance into the timber 
member. As with modes I and II failure, the timber in mode III failure experiences irrecoverable 
com pressive deformation under the movement o f the fastener.
In Equations 1.2-1 to 1.2-3, tj is the thickness o f the timber member (assuming both timber 
members are equally thick), d  is the diameter o f the n a il,//,/,/ is the design value for the embedment 
strength o f the fastener into one o f  the timber members and MyM is the design value for the yield  
moment o f  the fastener. In nailed joints, tI is taken as the lower o f the headside and pointside 
penetration depths. The design value for em bedm ent,//,/>rf is represented by Equation 1.2-4.
r  ^ mod f h,l,k
J h X d  = ...................................................................................................... E qu ation  1.2-4
Y  m(timber)
In Equation 1.2-4,//, / * is defined as the characteristic embedment strength o f the fastener 
into one o f  the timber members and is calculated using Equation 1.2-5. The modification factor, 
kmod is for solid timber under service class 2 conditions and short-term loading and is 0.9 as 
instructed in the EC5. ym(,imber) is a partial coefficient for materials properties o f  solid timber and is 
advised as being 1.3. The design yield moment, My>d, is represented by Equation 1.2-6.
fh ,l,k  =  0.082p k d ° 3N m m 2..............................................................................................................................................E qu ation  1.2-5
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where
pk - density of the timber member into which embedment occurs
.Equation 1.2-6
In Equation 1.2-6, My>k is calculated according to Equation 1.2-7. ym(Steei) is the partial 
coefficient for materials properties of steel and is advised as being 1.1.
EC5 recommends that the lowest calculated value of the design resistance (from Equations
1.2-1-1.2-3) should be taken as the design resistance. The EC5 models for predicting the design 
resistance work well with single fastener joints. However, mechanically connected composite 
materials will usually have multiple fastenings. Indeed, few joints are manufactured with a single 
fastener and as yet, there is no agreement amongst the international community over the calculation 
of the design resistance of joints with multiple fastenings, Smith and Foliente (2002). Nonetheless, 
optimising the overall efficiency of connections requires an in-depth consideration of the factors 
that affect the mechanical behaviour of composites containing multiple dowel-type-fasteners.
I.2 .I.2  JOINTS WITH MULTIPLE DOWEL-TYPE-FASTENERS
The load carrying capacity of a multiple fastener joint is often lower than the summation of 
the individual fastener capacities, Blap (1995). This is also true for the stiffness, Jorissen (1999). 
Figure 1.2.3 shows the effect of increasing the number of fasteners per row on the overall load 
carrying capacity of a joint in tension while Figure 1.2.4 shows how the load carrying per fastener 
is significantly reduced as the number of fasteners per row is increased. Both figures are from 
Madsen (2000). The ‘lower than expected’ values can be attributable to factors such as the fastener 
slenderness ratio (fastener diameter: timber thickness), the fastener strength, the spacing distances 
used and the fabrication tolerances, Mischler and Gehri (1999), although the lateral strength of 
fastened joints is arguably linked more intimately to fastener diameter than to fastener yield 
strength, Chui and Chun (2000). Chui and Chun proved this through a comparative study of 
hammer and power driven nails, which are inherently different in strength properties as a 
consequence of their application method (power driven nails possessing higher yield strengths). 
Alongside the fastener diameter comes the issue of slenderness ratios. Moss (1998) has reported 
that the decrease in load carrying capacity with increasing numbers of fasteners is less marked as 
the timber members become thinner, i.e. as the slenderness ratio increases. Mischler et al (2000) in 
fact, have identified a 28% and 0% reduction in the load carrying capacity for multiple fastened 
joints relative to single fastener joints for slenderness ratios of 3 and 6 respectively. The fastener 
configuration tested comprised two rows of fasteners, each row containing three fasteners.
M yt  = 180 .Equation 1.2-7
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F ig u re  1 .2 .3  T e n s ile  lo a d  o f  th e  jo in t  a s a fu n ctio n  o f  th e  n u m b e r  o f  g lu la m  r iv e ts  in  a  row  o f  fa ste n e rs , from  
M ad sen  ( 2 0 0 0 ) .
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F igu re  1 .2 .4  T en sile  s tren g th  p er  r ivet a s  a fu n ctio n  o f  th e  n u m b e r  o f  r iv e ts  in  a  row , fro m  M adsen  ( 2 0 0 0 ) .
Nevertheless, a high load carrying capacity can be achieved with multiple fastened joints 
provided premature brittle failure does not occur such as splitting in the timber, Mischler (1998). A  
ductile to brittle failure transition will arise as a function o f increasing the number o f fasteners in a 
row. This is clearly seen in Figure 1.2.5 from Madsen (2000). Brittle failure is an unwanted event 
and can be avoided by increasing the slenderness ratio. M ischler and Gehri (1999) demonstrated 
that increasing joint ductility was a function o f increasing slenderness ratios and Blap et al (1999) 
have encouraged the use o f higher slenderness ratios for precisely the reason o f increasing the 
ductile characteristics o f  joints. A justification however, for using rigid (hence low slenderness) 
fasteners, is that they increase the level o f  composite action in a joint that may otherwise be
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is loaded to well within its load bearing capabilities. Though, at the load bearing limits, rigid 
fasteners are most likely to cause shear failure in the timber along the row o f  fasteners, Quenneville 
(1998). Quenneville also reported on the importance o f  spacing distances between rows o f fasteners 
and in fact, such spacing distances determined whether the timber failure mode comprises a group 
tear out or a shear failure along the row o f fasteners. A comparison o f plastic failure modes for 
single fasteners against a row o f five, Gehri (1996), demonstrated that increasing the number o f  
fasteners in a row significantly decreased plastic deformation in the fasteners. A ductile to brittle 
failure transition was observed to be an outcome o f increasing the number o f fasteners in a row 
from the loaded edge, Mohammad and Quenneville (1999). Yasumura et al (1987) reported on the 
inter-fastener distance effects along the row o f fasteners. Accordingly, smaller distances between 
fasteners reduce the load carrying capabilities and furthermore, according to Hirai et a l (1998), 
failure takes place much faster as a function o f reducing the spacing distances. Edge distances can 
also be decisive in influencing the failure mode and the load carrying capacity. Fasteners farthest 
from the loaded edge shoulder higher loads as compared to fasteners located closest to the region o f  
applied load, Kharouf et al (1998).
Load Slip Relationship
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F igu re  1.2 .5  T e n s ile  load  a g a in st s lip  sh o w in g  th e  tra n sitio n  fro m  d u ctile  to  b r itt le  fa ilu re  a s  a fu n ctio n  o f  
in c r e a s in g  th e  n u m b e r  fa ste n e rs  p er  row , from  M ad sen  ( 2 0 0 0 ) .
D ow el type fasteners are often made o f steel. The universally abhorred oxidation o f steel 
not only reduces the volume o f the fastener, but also chem ically deteriorates the adjacent wood  
whilst reducing its strength, Thompson (1982). Corrosion is also an issue with regards to
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waterborne metal containing timber treatments such as ammoniacal copper arsenate (ACA) and 
chromated copper arsenate (CCA). Bengelsdorf (1982) conducted a meticulous investigation into 
the corrosion of numerous hand and power driven fasteners types in both ACA and CCA 
environments. Of particular interest are the effects that a CCA environment had on the bearing 
strength of fasteners. The results of these tests are given in Table 1.2-1.
















Bright steel 25 9 74.9 92.2 0.87
12 90.0 100.0
3 40.7 44.5
Electrogalvanised 9 9 4 61.6 77.4 O 71
steel 5 86.4 93.1 l/t / J
5 88.2 95.7
Table 1.2-1 Loss in bearing strength o f fasteners 10, 22 and 25 as a result o f corrosion in CCA, from 
Bengelsdorf (1982).
The loss of bearing strength as a consequence of degradation as seen in the result from 
Table 1.2-1 is a serious issue with regards to mechanically fastened composites. The escalating loss 
of intimate interaction between the composite elements is inevitable and the reinforcement 
becomes progressively ineffectual. The degradation of metallic fasteners is still a problem and it is 
for this reason, amongst others, that non-metallic fasteners as well as adhesive bonding are 
becoming increasingly attractive for joining timber.
1.2.2 Adhesively bonding reinforcements to timber
To optimise the mechanical performance of adhesively bonded timber composites, failure 
should preferentially initiate in either the timber or in the reinforcement. A sound adhesive bond is 
therefore paramount, which means that failure should not initiate through de-bonding between the 
composite elements. Bonding steel to timber flexural members has been shown to be more 
effective than using traditional bolting methods, Joseph (1999).
A good bond to wood requires sufficient wetting of the adhesive on the wood surface. If 
this is managed, the wood-adhesive bond will be held together by secondary bonds (in some cases 
primary bonds), Raknes (1995), as well as through mechanical interlocking. A sound wood bond is 
also moisture dependent with the optimal moisture content range being between 8% and 12%, 
Bullen and Van der Straeten (1986). There are numerous types of structural wood adhesive that can 
be successfully used to bond wood to wood. The task of bonding steel or FRP composites to wood
17
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is more challenging because the materials are chemically different and different strengths of 
adhesion may exist between neighbouring composite elements.
Adhesively bonded FRP may fail wholly in the FRP substrate, which is the preferential 
failure mode because the entirety of the strength of the FRP is utilised and the bond is not the 
weakest link in the structure, Hart-Smith (1987). Failure through pure shear in the adhesive is the 
next preferred failure mode and the worst-case scenario is when the adhesive-FRP interface de­
bonds under the mode II (shear) fracture mechanism. Wang and Qiao (2003) have found that mode 
II (shear) fracture occurs at a higher level of loading for wood-wood joints than wood-FRP joints. 
This is believed to be a consequence of loading two bonded substrates with different and distinct 
material characteristics, the differential stiffness effect being higher in wood-FRP laminates than in 
wood-wood laminates.
A structurally sound bond between wood and steel must be at least the same strength as the 
wood and in outdoor applications, should be durable enough to withstand repetitive wetting and 
drying cycles as well as large temperature changes, Hergt and Christensen (1986). Provided that the 
surface of steel is clean and treated competently it will bond well to epoxy and phenolic adhesives. 
Various types of surface cleaning and treatments are commonly used. These may include chemical 
treatments including de-greasing in alkaline aqueous solutions between 60-80°C or vapour de­
greasing using organic solvents. Mechanical roughening treatments are also commonly used and 
entail grinding with emery or grit blasting using A120 3 particles. Mechanical roughening processes 
remove oxide as well as hydroxide layers and have the added benefit of increasing the effective and 
bondable surface area. New and fresh oxide layers that form are chemically more active than older 
layers removed by the grit blasting procedure and provide better durability at the adhesive-oxide 
interface in humid conditions. Figure 1.2.6, taken from Brockmann (1983), shows the shear 
strength (or bond strength) of steel measured for different surface treatments. The shaded areas 
indicate the standard deviations about the mean, which is identified by the dotted line. Grit blasted 
steel joints yield mechanically superior bonds to other surface treatments and also fare better in 
adverse environmental conditions as well as under long term loading than steel joints that are 
merely de-greased. For applications where long-term stability is required, a primer should be 
applied to grit blasted steel rather than leaving it bare because the use of a primer results in superior 
bond strength. The primers are usually reactive organic silanes, which chemically react with the 
metal oxides to form water stable bonds whilst bonding covalently with the adhesive. The 
superiority of using primers is clearly shown in Figure 1.2.7 (from Brockmann, 1983) where the 
shear strength of mild steel bonded to wood is given for conditions of ground, grit blasted and grit 
blasted with silane primer for short term loading and when loaded for 164 hours in water at 40°C 
with an adhesive degrading 5% detergent added. Clearly, the use of the primer yields better results, 
Brockmann (1983).
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F ig u re  1 .2 .6  S h ea r  stren g th s  fo r  s te e l jo in ts  th a t h ave  b e e n  su b jected  to  d iffe re n t su rfa ce  tr e a tm e n ts , from  







164h HjO 40*C *T
F igu re  1.2 .7  W o o d -stee l b on d  str en g th s  fo r  m ech a n ica lly  r o u g h en ed  s te e ls , fro m  B ro ck m a n n  (1 9 8 3 ).
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1.3 Reinforcement and repair o f flexural beams
Reinforcing materials can be used to improve the mechanical properties o f  timber, thus 
potentially rendering as usable, low-grade softwoods that otherwise would not be used in 
construction. The use o f  reinforcements may also reduce the volume used o f higher-grade, slow  
grown woods and may be both economically and ecologically beneficial. Furthermore, timber 
structures that have become damaged in some way may also benefit from the application o f  
reinforcements as restorative solutions.
1.3.1 Reinforcing solid timber structural beams
The superior tensile strength and increased ductility o f  concrete reinforced with steel rods 
is w ell documented by Hughes (1981), Morrell (1989) and Leet and Bernal (1997). Attempts have 
been made to enhance the structural properties o f glued laminated timber beams using serrated steel 
rods that are normally used to reinforce concrete, Bulleit et al (1989). Bulleit and co-workers 
incorporated a steel rod within a flakeboard matrix, which was subsequently laminated onto the 




F igu re  1.3.1 C ro ss se c tio n  o f  e x p er im en ta l b ea m s w ith  s te e l  ro d  r e in fo r ce m en t in co rp o ra ted  in to  a 
fla k eb o a rd  m atrix  an d  la m in a ted  o n to  th e  te n s i le  fa ce  o f  th e  b ea m , fro m  B u lle it e t  a l  (1 9 8 9 ).
The composite beams tested by Bulleit and co-workers failed in some instances by 
horizontal splitting o f the flakeboard around the reinforcing rod, and in other instances, through 
tensile fracture in the flakeboard due to the applied moment. Bulleit and co-workers believed that 
the high bond stress caused preferential splitting in the flakeboard parallel to the reinforcing rod 
rather than de-bonding at the rod-flakeboard interface. The impregnation process described by 
Bulleit and co-workers comprised hot pressing the serrated steel rod into the flakeboard. This will 
inevitably result in the development o f high-localised stresses where the jagged edges o f the rod 
distort the flakeboard matrix and effectively introduce macroscopic defects. It is plausible to
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suggest that fracture could initiate at these points and thence questions do arise concerning the 
benefits o f  hot pressing rods into flakeboard over simpler grooving and bonding methods. 
Certainly, with a peak flexural strength o f between 25-50M Pa in the grain direction, Griffiths 
(1995), flakeboard is not necessarily markedly different from ordinary whitewoods. If the host 
timber is however o f  a higher strength class, using an attached flakeboard composite may well be 
less constructive. Using flakeboard with an appreciably lower flexural strength than the host timber 
may in fact result in premature failure o f the flakeboard matrix whilst the rest o f the timber beam 
has the potential for bearing higher loads. Perhaps such a reinforcing system would find limitations 
in its applicability to a wider range o f  timbers where a considerable difference in strength and 
stiffness is observed.
Earlier work reported by Dziuba (1985), involved the testing o f timber beams reinforced 
with steel rods that were bonded into the tensile face. Three reinforcement series comprised 
progressively increasing quantities o f  reinforcement, Figure 1.3.2, and exhibited different failure 
modes.
F ig u re  1 .3 .2  G eo m etr ic  a rra n g em en t o f  D ziu b a’s  e x p e r im en ts . R e in fo rc in g  s te e l  ro d s  in co rp o ra ted  in to  th e  
t e n s i le  fa ce  o f  t im b e r  b ea m s.
In Dziuba’s experiments, the beams with the lowest percentage o f  reinforcement were 
shown to fail initially with compressive buckling o f  the wood, which was subsequently followed by 
tensile fracture o f  the outermost wood fibres. Even though the percentage o f  tensile reinforcement 
was increased in subsequent test series, the failure on the com pressive face o f the wood was noted 
in each series. The tensile face failure however, was reduced as a function o f increasing the 
reinforcement to a point where the beams containing the highest percentage o f reinforcing material 
exhibited no tensile face failure. The phenomenon o f initial compressive failure under an applied 
moment was reported by Shchuko (1969) as being a consequence o f reinforcing beams on only the 
tensile face. The research conducted by Shchuko referred in particular to timber reinforced by 
steels rods situated at the outermost tensile fibres o f  the beam. Shchuko measured the cross-section
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strains within the linear elastic range as being linearly distributed. Outside this range however, 
deviation from linear strain behaviour was observed. Computer simulated virtual experimentation 
conducted by Dziuba and Ganowicz (1988), a continuation o f  the work by Dziuba in 1985, showed 
that the level o f scatter in reinforced timber beams decreases with increased quantity o f  
reinforcement. This conclusion was based upon the result from two hundred thousand computer 
simulations. Further virtual experiments, Candowicz and Dziuba (1989), also predicted that the 
ultimate strength o f beams reinforced in tension with steel bars would rise as a function o f  
increasing the quantity o f reinforcement. For several years now, steel rods have been used 
extensively for reinforcing laminated timber systems, Bodig and Jayne (1993). The geometry o f  
steel rods makes them easy to incorporate into timber, especially in remedial situations. Steel plates 
are dealt with in the follow ing section. They are dimensionally different from steel rods and can be 
exploited as reinforcing laminates.
Laminating timber is an effective means for upgrading or repair and em ploys strong and 
stiff reinforcing materials. For the most part, research has focused on mechanically connected steel 
laminates, however Sliker (1962), has addressed fundamental issues concerning aluminium 
laminates adhesively bonded to timber by means o f a rigid epoxy system. The results o f Sliker’s 
research showed that laminating timber horizontally is more effective than vertically laminating 
when equal volume fractions o f reinforcing material are used. Failure o f the horizontally laminated 
timber specimens tended towards shearing between laminae, whereas for the vertically laminated 
specimens, tensile fracture was reported to be the governing failure mode. Sliker monitored the 
axial strains and found that the vertically laminated beams experienced relatively uniform straining 
on the tension and compression faces o f the beams. The horizontally laminated beams however, 
experienced compressive strains that reached a limit o f  proportionality much sooner than the strains 
in tension. The cross sectional arrangements o f the comparable vertical and horizontal laminating 
configurations are shown in Figure 1.3.3.
(a) (b) (c) (d)
F igu re  1 .3 .3  C ross se c tio n a l a rra n g em en ts  o f  b ea m s te s ted  by S lik er  (1 9 6 2 ). H o r izo n ta l an d  vertica l 
la m in a tes  o f  a lu m in iu m  (in  b lu e) in co rp o ra ted  a s  t im b er  r e in fo r ce m en ts , (a ) an d  (b ) 4  an d  6  h o r izo n ta l 
la m in a tio n s  r esp ectiv e ly  an d  (c ) an d  (d ) 4  an d  6  v ertica l la m in a tio n s  resp ectiv e ly .
Methods for reinforcing and laminating timber have been approached in different ways. 
Some researchers have used the successful application o f  reinforcement methods to concrete
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structures as a platform for reinforcing and upgrading timber. Peterson (1965) acknowledged that 
timber could benefit from pre-stressed steel reinforcements, which are employed to enhance the 
performance o f  concrete structures, Gilbert and Mickleborough (1990). Attaching pre-stressed steel 
to the host material causes the host to become stressed in an opposite direction to the direction o f  
stress in the steel. The consequence o f such an action is that the host material is able to take a 
quantitative measure o f external loading before it passes through one stress state to another and 
should be theoretically capable o f bearing a higher load than it otherwise would. There are however 
difficulties that accompany the pre-stressing technique. The achievement o f an even stress 
distribution across the host material, for example, must be achieved through an efficient joining 
method. Peterson horizontally laminated pre-stressed steel to timber beams by bonding steel to the 
tensile face, Figure 1.3.4. He believed that creating steel-to-steel lap joints and applying the stress 
to the extraneous steel would be the best method for achieving an even stress distribution across the 
timber. The extraneous steel, which was removed once the horizontal laminating was complete, 
was intentionally made ten times thicker than the reinforcing lamination at the ends. This 
considerably reduced the magnitude o f stress transfer through the adhesive and thereby decreased 
the likelihood o f an uneven stress distribution.
The outcome o f applying the pre-stressing technique to timber horizontally laminated with 
steel averaged a 26% increase in the bending stiffness and a 76% increase in strength as compared 
with un-reinforced timber. The work to maximum load was enhanced by 244% and the variability 
in strength between beams decreased by 71%. The method o f  pre-stressing however has not 
received much attention in timber composite technology. Simpler methods for enhancing timber 
properties and joining reinforcing materials have been more popular, perhaps because 
manufacturing simplicity is as much a key issue as reinforcing efficiency.
c
r
F ig u re  1 .3 .4  P e te rso n  (1965) u sed  th e  p r e -s tre ss in g  tech n iq u e . H o r izo n ta l la m in a tio n  o f  th e  te n s ile  fa ce  o f  a  
w o o d e n  b ea m  u s in g  p re -stre ssed  s te e l, fro m  P ete rso n  (1965).
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More modem pre-stressing techniques using carbon fibre reinforced plastics (CFRP) are 
reported by Brunner and Schnueriger (2004). They laminated glulam beams on the tensile face and 
found that using pre-stressed CFRP exhibited a marginally superior bending stiffness to an equal 
volume o f adhesively bonded unstressed CFRP laminates. Brunner and Schnueriger also attempted 
to solve the tensile delamination problems accompanying horizontally laminated pre-stressed 
CFRP. Their attempt to solve this problem using ductile adhesives was unsuccessful and the 
problem remains for adhesively bonded horizontal tension laminate reinforcements.
A more traditional approach to laminating beams was adopted by Stem  and Kumar (1973). 
They vertically laminated two steel plate reinforcements in between three timber members and 
mechanically connected the com posite elements with nails, Figure 1.3.5.
y,: K*
3 ~ l ± " x 5 § "  planks 
2 —5i"  plates
+»A6" J. 6* | ,j. 6 6 ,|~ fe" , |u ^
F igu re  1.3.5 ‘F litch ’ b eam  a rra n g em en t u sed  by S te m  an d  K um ar (1973). T w o s te e l p la te s  v ertica lly  
la m in a te  th ree  t im b er  m em b ers an d  th e  w h o le  a ssem b ly  is  c o n n e c ted  m e ch a n ica lly  u s in g  n a ils , from  S te m  
a n d  K um ar (1973).
This traditional ‘flitching’ technique has been used for decades and although perhaps not 
thoroughly evaluated prior to its use, has provided sound mechanical improvement in timber 
beams. The complete set-up tested by Stem and Kumar yielded on average, a 48% increase in the 
flexural stiffness and a 45% increase in flexural strength relative to un-reinforced timber beams. 
The timber that was reinforced was untreated. Oddly enough, the same tests performed by Stem  
and Kumar using timber treated with creosote performed less favourably and generated 20% lower 
values for flexural strength as compared with its untreated counterpart. The lower strength values 
generated from creosote treated timber are, however, compensated for by the preservation effects 
o f  the creosote. The degenerative effects o f  wood that occur in the presence o f rust, Thompson 
(1982), a routine by-product o f untreated steel, are lessened by the presence o f creosote, Marion 
and W issing (1960).
Coleman and Hurst (1974) also considered a similar geometric arrangement o f steel and 
timber composite elements as was used by Stem and Kumar, Figure 1.3.6. Coleman and Hurst had 
a different motive for investigating the connection o f the com posite elements. The steel and timber 
members were connected using different numbers o f nails; the objective was to define flexural
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properties based upon the intimacy o f mechanical connection. The results were inconclusive. The 
flexural properties o f  the composite beams did not show any trends as a function o f increasing the 
number o f nails used for connection. Coleman and Hurst believed that this was a consequence of 
having low variability in the numbers o f nails used and indeed, they felt that the numbers o f  nails 
used were high enough to develop the full strength o f the steel. Further tests described in the paper 
combined adhesive action between the steel and timber members alongside the mechanical function 
o f nails to connect the composite elements. The flexural properties o f  such flitch beams were 
superior to those that were connected purely by mechanical means.
F igu re  1 .3 .6  F litch  b eam  a rra n g em en t u s in g  18 g a g e  s te e l, fro m  C o lem an  a n d  H u rst (19 7 4 ).
The use o f full depth vertical laminates for beams in bending may not be the most efficient 
way o f reinforcing timber. Popular in the early 1900s, the vertically laminated steel-timber 
com posite system declined in use most probably as a direct result o f  the pre-drilling and bolting 
assembly procedure, which is both inefficient and time consuming, Stem and Kumar (1973). This 
being said, the steel flitch assembly is still utilised in the m odem  age, one large scale example 
being the Nagano Olympic Memorial Arena located in Japan, Ban et al (1999). Whether the 
reinforcement truly serves any function in the region o f the beam’s neutral axis is a thought worthy 
o f  note, as ineffectual reinforcement is costly, weighty and unnecessary. Jones (1997) demonstrated 
that reinforcing rods are almost insignificant in their contribution to strength and stiffness close to 
the axis o f  neutrality. Although a flitch plate, unlike steel rods, is a continuous and uninterrupted 
element, there is no apparently obvious reason why Jones’ finding should not apply. Pioneering 
research conducted by Borgin et al (1968) m oved the vertical plates away from the neutral axis of 
the beam and closer to the faces where higher normal stresses develop. Borgin and co-workers 
compared two reinforcement configurations, Figure 1.3.7, and reinforced approximately 5% o f the 
beam cross sections for each beam type. In the first instance, reinforcing steel was evenly
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distributed between the upper and lower faces o f the beams, Figure 1.3.7 (a). Five steel strips were 
laminated vertically into each face o f horizontally laminated timber composite. In the second 
instance, Figure 1.3.7 (b), the entire 5%  o f vertical laminating steel was confined only to the upper 
(compression) face o f the horizontally laminated timber composite.
F igu re  1.3.7 V ertica lly  la m in a ted  ste e l-t im b e r  c o m p o site  b e a m s a s  te s te d  by  B o rg in  e t  a l.  T he s te e l  
r e in fo r ce m en t c o m p r ise s  5% o f  th e  to ta l c ro ss  se c tio n a l area  in  b o th  c o n fig u r a tio n s , h o w ev e r  in  (a ) th e  
r e in fo r ce m en t is  sh a red  b e tw e en  b o th  fa c es  o f  th e  b ea m  w h er ea s  in  (b ) th e  r e in fo r ce m en t is  c o n cen tra ted  
o n  o n ly  th e  u p p er  (c o m p re ss iv e ) fa ce , fro m  B org in  e t  a l  (1 9 6 8 ).
The motive behind reinforcing only the compression face lay in an understanding o f the 
weaker nature o f  wood in compression as compared with its strength in tension. Timber failure was 
thereby seen by Borgin and co-workers, to be determined by compressive failure o f  the wood and 
was indeed the logic behind locating all o f the steel on the upper face. Certainly, reinforcing a 
beam on the compression face with a high stiffness material will increases the overall stiffness of 
the upper portion o f a beam and bring the neutral axis higher towards the surface. Borgin and co ­
workers mounted strain gauges to the sides o f  the beams and experimentally determined the 
position o f  the neutral axis. The neutral axis lay in the centre o f the cross section for the beams with 
reinforcement located on both faces, whereas for the beams reinforced only on the upper face, the 
neutral axis was located closer to the compressive face where the steel was located.
Beams reinforced on the upper face were found to yield lower flexural stiffness values and 
higher centre point deflections compared to beams reinforced on both faces, however, beams 
reinforced on the upper face also withstood higher loads to failure. Reinforcing top and bottom  
pushes the higher stiffness material farther from the neutral axis and yields a considerable increase 
in the beams’ second moment o f area. Reinforcing on one face with a deeper laminate brings the 
reinforcement centroid closer to the beam’s neutral axis and will consequently have a second  
moment o f area that is lower than beams reinforced on both faces. The flexural stiffness, a product 
o f  the second moment o f  area and the elastic modulus (El), is therefore as would be expected for 
the different reinforcement configurations. The highest strains at failure (measured at the fibres 
farthest from the neutral axis) were approximately equal for each o f the beam types and therefore
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each reinforcing method showed comparatively similar ductility. The calculated bond stresses were 
similar for both configurations. However the calculated shear stresses were significantly higher in 
beams reinforced only on the upper face. The research conducted by Borgin and co-workers on 
beam strength showed a clear advantage in reinforcing timber only in compression. However, there 
was no clear advantage in terms o f ductility. Adequate reinforcement o f only the tensile face can 
exploit the ductile plastic yield behaviour o f  timber in compression without permitting sudden 
tensile fracture, Brunner and Schnueriger (2002). The result is that the overall ductility o f  
reinforced timber composites are significantly improved, which is a much-preferred mode o f  
failure. The design o f timber structures should therefore account for these differences and engineers 
can chose a reinforcement method depending on whether they are opting for strength or ductility.
The idea o f  vertically laminating only the top and bottom faces o f timber beams with steel 
has also been examined by Hoyle (1975). Toothed steel plates were connected mechanically by 
pressing the teeth protruding from the steel plates into two surrounding timber members, Figure 
1.3.8. Hoyle found that beams taken to failure under conditions o f  static flexural loading 
experienced buckling o f  the steel plate on the compressive side o f the beam, which was not so 
marked so as to cause the timber members to separate. Certainly, this illustrates an important issue 
with regards to reinforcing beams. Borgin and co-workers clearly demonstrated the significant 
importance o f adhering steel to the compression face o f beams. Long slender reinforcements are 
however inclined towards being geometrically unstable when subjected to compressive loads. The 
intimacy, strength and stability o f  contact between com posite elements are therefore factors 
paramount in preventing unwanted buckling, which may indeed lead to early failure and beam 
instability. Whereas the mechanical connection technique em ployed by Hoyle was insufficient to 
prevent compressive buckling, the adhesive system utilised by Borgin and co-workers seemingly 
bonded the composite elements together satisfactorily, as com pressive buckling o f the steel plate 
was not reported.
F igu re  1 .3 .8  C o n stru ctio n  o f  th e  ‘S te e la m ’ b ea m . F rom  H o y le  (1 975). T w o s te e l  p la te s  w ith  protru d in g  
to o th e d  c o n n e c to r s  a re  m ech a n ica lly  sa n d w ich ed  b e tw een  tw o  t im b e r  m em b ers , fro m  H oyle  (1975).
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Triantafillou (1997) adhesively laminated timber with vertically oriented FRP plates as a 
means o f  restraining shear failure in the timber. His experimental technique involved testing 
reinforced timber beams in four-point bending where the vertical reinforcements were placed solely  
between the outer and inner rollers, (i.e. with no FRP lamination in the centre o f  the beam between  
the two central rollers). The timber in the central portion o f  the beam was made dimensionally 
larger than the rest o f  the beam so that the beam would resist failure due to a bending moment but 
would rather fail in shear. Figure 1.3.9 shows the beam layout as would be seen from above and 
from the side. Triantafillou demonstrated that vertically laminated FRP plates significantly increase 
the shear capabilities o f  timber and this is most certainly one benefit o f vertical, rather than 
horizontal laminating techniques. Shear failure in beams laminated horizontally with FRP has been 
reported as a failure mode by many researchers, e.g. Dorey and Cheng (1996a), Belperio (1999) 
and Itagaki (2003). Timber reinforced with fibre composite material decreases the stress intensity at 
cracks in the wood and hence restricts crack growth, Halstrom and Grenestedt (1997). In this way, 





FRP plates laminated vertically to thinner sections that experience shear
SIDE VIEW
F igu re  1 .3 .9  E x p er im en ta l b ea m s u sed  to  d e te rm in e  th e  sh ea r  fo r ce  res tr a in in g  ca p a b ilit ie s  o f  vertica lly  
la m in a ted  FRP p la te  r e in fo r ce m en ts  a s  te s te d  by T r ian ta fillou  (1997).
Greenland et a l (1999) reinforced laminated veneer lumber (LVL) on the tensile edges with 
two CFRP plates arranged vertically and external to the LVL, Figure 1.3.10. Such an arrangement 
has the potential for suppressing shearing close to the tensile edge o f  the beam but o f  course does 
not account for shearing anywhere else. The reinforced timber composite was tested in four-point 
bending under conditions o f  1 2 % (dry) moisture content and 26% (wet) moisture content (service 
classes 2 and 3 respectively). Although in the dry condition, the peak strength and stiffness values
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are significantly higher than in the wet condition, the mode o f failure was brittle and dominated by 
tensile fracture. The ‘w et’ reinforced composite, dominated by ductile compressive failure, 
experienced a higher stiffness and peak stress relative to its un-reinforced state. It has already been 
m entioned in 1 . 1 . 2  that the elastic and plastic resistance o f timber to externally applied loads are 
significantly reduced as a function o f increasing moisture content and that the shift from tensile 
dominated failure to compression dominated failure is a consequence o f the shift from dry 
conditions to wet conditions (refer to Figure 1.1.6). It is therefore plausible to assume that under 
conditions o f high moisture content, timber reinforcement might be better situated on the 
com pressive face o f beams because o f the dominant mechanism o f compressive failure. Hence, the 
service class conditions are important considerations in engineering design o f timber-reinforced 
com posites because o f the clear shift in failure mechanisms. It can be deduced from plots presented 
in Greenland’s paper that reinforcements are more effective in wet wood as compared to dry wood. 
The increase in the peak strength and the stiffness o f wet-reinforced wood relative to wet un­
reinforced wood is more radical than that observed in the dry reinforced and dry un-reinforced 
equivalents. This can be attributed to the lower modulus o f  elasticity o f  wet wood compared with 
dry wood and has been reported in earlier research based on steel reinforced timber. Borgin et al 
(1968) reported that the increasing effectiveness o f using steel reinforcements was a function o f  
lowering the elastic modulus o f  the timber.
F igu re  1.3 .10  L am inated  v e n e er  lu m b er  (LVL) sp e c im e n s  r e in fo rced  w ith  v ertica lly  b o n d ed  CFRP p la tes  o n  
th e  te n s i le  e d g es . T he co m p o site  sp e c im e n s  w e re  te s te d  in  fo u r  p o in t  b e n d in g  by G reen lan d  e t  a l  (1 9 9 9 ).
A s one o f the primary objectives in reinforcing timber is to achieve the highest possible 
strength and stiffness improvement, the majority o f  researchers have pulled the reinforcements as 
close to the surfaces as possible by using horizontal reinforcing laminates. A s little as a 3%  volume
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fraction o f  GFRP laminated solely onto the underside o f  timber beams can increase the allowable 
bending strength o f  a beam by 100%, Dagher (1999). The transformed section method is often used 
to analyse composite timber beams and is detailed in Appendix A. Johns and Lacroix (2000) are 
unconvinced o f the reliability o f  the transformed section method as a method for predicting the 
strength o f timber beams reinforced on the tensile face by CFRP laminates. In over one hundred 
and fifty experimental strength tests o f  reinforced timber beams, higher strength values were 
determined than those predicted using the transformed section method.
Research undertaken by Dorey and Cheng (1996a) concentrated on horizontally laminating 
the furthermost tensile fibres o f timber beams with carbon and glass fibre reinforced plastics. 
Dorey and Cheng’s research, although limited by small sample numbers, yielded significant 
findings with regards to the influence o f  reinforcement volume fraction upon the ultimate strength 
o f  the beam. Certainly, both carbon and glass fibre reinforced plastics resulted in improved strength 
and stiffness, however the degree o f enhancement did not increase linearly. Rather, as the volume 
fraction increased, the degree o f enhancement tended towards a plateau, Figure 1.3.11. As the 
tensile reinforcement is increased, compressive yielding progressively becom es the determinant for 
the load carrying capacity and hence, increasing the reinforcement on the tensile face beyond an 
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F igu re  1.3.11 G raph rep ro d u ced  fro m  resu lts  ta b le  in  D orey  a n d  C h en g (1 9 9 6 a ). A s r e in fo r ce m en t fibre  
fr a ctio n  is  in c re a se d , th e  e n h a n ce m e n t in  th e  u ltim a te  s tren g th  te n d s  to w a rd s a  p la tea u .
A s a consequence o f  this finding, further tests were performed, Dorey and Cheng (1996b), whereby 
horizontally laminated pultruded GFRP was used to reinforce timber beams in both compression 
and tension. CFRP was left out o f  this research paper as the marginally improved upgrading 
qualities it had over the GFRP were outweighed by its significantly higher cost. Unlike tensile face 
reinforced timber, beams reinforced on both faces lacked the compressive failure mode and also 
displayed superior flexural improvement. Beams reinforced only on the tensile face were reported
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to experience explosive delaminating of the reinforcement at failure. This failure mode however 
changed as the reinforcement volume fraction was increased. Increasing the percentage of tensile 
reinforcement pulls the neutral axis closer to the tensile face of the timber and eventually, the mode 
of failure becomes dominated by shear. Dorey and Cheng postulated that the plateau effect of 
strength on increasing the percentage of reinforcement, for beams reinforced only in tension as well 
as for beams reinforced on both faces, was a result of restraining tensile failure to a point where 
shear failure predominated. Therefore, the ultimate limit state of the beam was seen as wholly 
dependant upon the point at which shear failure was the dominant failure mode, Equation 1.3-1. 
This is a mode of failure that of course, cannot be restrained by horizontal laminations. In this 
instance, the maximum shear stress, is calculated from empirical analysis. However its 
application using theoretical estimates may be perfectly general.
P  =  ZTnnx ...................................................................................................................................... Equation 1.3-1
where
P -  total failure load due to shear/ N
Tmax -  the maximum shear stress/ MPa
/  -  transformed second moment of area/ mm4
t -  thickness of specimen at XmJ mm
Q -  first moment of area/ mm3
Moulin et al (1990) reinforced the upper and lower faces of glulam beams using fibreglass 
impregnated with a phenolic adhesive, which was used to attach the fibreglass to the glulam. The 
beams were then subjected to three-point bending and Moulin and co-workers predicted the elastic 
modulus along the longitudinal axis of the beam using a general equation for layered systems, 
Equations 1.3-2. Equation 1.3-2 assumes uniform strain, that the stress state is plane stress, that 
material homogeneity exists for each lamina, that a plane cross section remains plane after load 
application and that each joint is understood to be a single lamina despite the extremely small 
thickness. Table 1.3-1 compares the theoretical predictions with the experimental findings.
Eu, =  ^  E l 11 ...............................................................................................................Equation 1.3-2
^  ler i
Where
- Elastic modulus of the composite 
7/cr - Second moment of area for the composite
E  - Elastic modulus for a single given lamina
t  - Second moment of area for a single given lamina
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E iJ  GPa
Glulam without 
reinforcement 7.45 7.23
Glulam +1 layer of 
reinforcement 8.22 8.02
Glulam +2 layers of 
reinforcement 8.96 8.73
Table 1.3-1 Comparison of experimental results with prediction made from Equations 1.3-2 as reported by 
Moulin et al (1990).
Another potential complexity with regards to horizontally laminating timber on both faces 
is the problematic issue of laminate buckling on the compressive face, Gilfillan et al (2001). 
Gilfillan and co-workers reinforced Sitka Spruce of strength class C16, with CFRP using different 
quantities of reinforcement. They used a vertically laminating technique, slotting reinforcement 
into grooves on the compressive face. However, these were also reported to have buckled under 
loading. The compressive faces of the beams were reported to govern the overall failure modes 
seemingly as a consequence of failure through buckling. Compressive face buckling is not solely a 
function of the reinforcement slenderness. For bonded reinforcements, the stiffness difference 
between the host material and the reinforcement is likely to play a key role in interfacial failure and 
hence delamination. The use of lower stiffness materials as alternatives to steel and CFRP may 
improve the compatibility of the timber with the reinforcement thus reducing the opportunities for 
de-bonding and consequently, pre-mature beam failure.
This said, timber beams reinforced with high stiffness materials, which do not experience 
de-bonding of the laminate, have been shown to improve the strain to failure, Chajes et al (1995). 
Chajes and co-workers laminated CFRP horizontally to the tensile face of timber beams and 
reported an average outer fibre strain of 0.48% which, when compared to the 0.33% failure strain 
of the un-reinforced timber beams tested showed a significant improvement. Chajes and co- 
workers’ beams were good examples of bonded timber composites as the timber failed before the 
reinforcement and indeed, no de-lamination was observed. Chajes’ experiments clearly show how 
the achievement of a good bond between the timber substrate and the reinforcement is an integral 
part of enhancing timber composite technology.
1.3.2 Reinforcing timber for repair and restoration
Any constructional material is susceptible to damage. Movements in the skeletal structures 
of buildings may occur for a number of reasons. High loads exerted upon slender members can 
cause creep or buckling phenomena. Lateral loading on vertical members may result in their
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displacement, which in turn imposes higher unconventional loads upon neighbouring timber 
members. Rusting of steel building parts lowers the load bearing capabilities of a structure whether 
they are mechanical joints, or indeed are part of a composite member. Steel oxides occupy a 
volume of up to four times the original volume of steel and exert additional pressure on adjoining 
members. Dampness and moisture-temperature fluctuations induce shrinkage and swelling effects 
in timber as well as instigating the onset of large scale twisting or bowing. Marshall et al (1998). 
These types of movement in timber can cause gross damage in other constructional materials due to 
the different failure strains of each and the most vulnerable regions of timber members and pillars 
are the lower edges as they most easily collect dampness and moisture, Seeley (1987). High stress 
concentrations for example can develop in the fasteners that hold together flitch beam components 
as a result of moisture fluctuation. This is because the shrinkage differential between the 
longitudinal and tangential directions results in large vertical distortions, which increase the 
pressures exerted upon the fasteners.
Moreover, dampness exacerbates the rate of mould growth and the deterioration of 
materials. Fungal growths that are common in softwoods include dry rot, cellar fungus and white 
pore or mine fungus. Dry rot attacks softwoods optimally at 22% moisture content (MC) and 
between 18-24°C. When the moisture content decreases, the areas of dry rot embrittle and the 
strength of the wood is reduced. Cellar fungus and white pore fungus have an optimal growth at 
25%MC and between 18-24°C. Beetles such as the Death Watch beetle, House Longhorn beetle, 
Wood-boring weevil, Powderpost beetle and the Ptilinus beetle also cause damage in softwoods by 
tunnelling holes, which decreases the volume of wood and introduces defects and microstructural 
anomalies, Watt and Swallow (1996). Remedial and preventative treatments can be applied using 
insecticides to destroy the wood-boring insects or fungicides may be used to destroy the fungal 
attack and subsequent rotting, Richardson, (1995). Alternatively, damage caused by fungal growth 
or by beetle infestation can be repaired using resins. Resins repairs can be applied in-situ and are 
relatively non-disruptive to the structure being repaired. However, the long-term effects of loading 
and moisture on the resin and its compatibility with the substrate material are unknown, Wheeler 
and Hutchinson (1998).
Whether reconstruction is preferred to repair depends upon the relative cost of the two 
options and aesthetic factors. Repair is often preferred for buildings of high historic or aesthetic 
significance, even if the cost is higher. Sometimes aesthetics or indeed impracticalities necessitate 
obscure methods of applying reinforcements, which would not normally be considered the optimal 
methods of reinforcing. One common example is the reinforcing of a flexural beam from the 
compressive face down to the tensile face. This method of reinforcing beams has been investigated 
by Jones (1997) who conducted tests on solid timber beams reinforced with steel rods from the 
compressive face downwards, not reaching the tensile face but passing the unreinforced axis of 
neutrality. Two reinforcement configurations were tested, the first comprising five steel rods placed
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vertically one above another throughout the depth o f the groove, Figure 1.3.12 (a), while the 
second configuration contained only two steel rods placed at the furthermost ends o f the groove 
and separated by a timber spacer, Figure 1.3.12 (b).
160m m 200m m200m m
T im b er sp acer  s ._
F ig u re  1.3.12 G eo m etr ic  a rra n g em en t o f  te s ts  p erfo rm ed  by  J o n e s  (1 9 9 7 ). In o n e  , (b ), tw o  s te e l rod s are  
a rra n g ed  a t th e  fu r th e st  en d s o f  a g r o o v e  cu t o u t o f  th e  t im b e r  s e c tio n  an d  a re  sep a ra ted  by a tim b er  
sp a cer .
The flexural beams tested by Jones (1997) failed in tension and thus occurred logically on 
the face lacking reinforcement. Although the beams consisting o f  five steel rods showed on 
average, a 24% higher stiffness than the beams with two rods, the failure loads were on the whole 
very similar. The three central rods, i.e. the rods situated closest to the neutral axis were shown to 
contribute marginally to the stiffness and were relatively passive in their contribution to strength. A 
most noteworthy finding by Jones, was that the use o f a lower modulus adhesive significantly 
reduced the strength and stiffness enhancement. Therefore, a good quality and stiff adhesive 
appears to be essential for achieving superior mechanical performance for rod reinforcements. 
Softer adhesives though, may have the advantage o f  solving delamination problems, Brunner 
(2002).
Adhesive bonding is not the only method for connecting reinforcements in repair 
situations. Ronca (1999) investigated the application o f reinforcing steel plates connected by steel 
bolts for repairing fractures in the wooden vaulted roof o f  the Palazza della Loggia in Brescia. 
Ronca performed two experimental tests coupled with numerical analyses in which steel plates 
were bolted onto solid timber specimens using dimensions and timbers to duplicate as best as 
possible the actual properties o f the roof elements. The tests showed that the bolting method was 
somewhat detrimental to the beam stiffness and although no equivalent adhesive connection tests
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were performed, Ronca suggested that the structure should be preferentially repaired using 
adhesives than replaced by new wood.
Radford et al (2002) have suggested the use o f  what were termed ‘shear spikes’ for repair. 
The spikes were inserted at intervals along the length o f a two solid timber beams stacked on top o f  
each other and each spike penetrated the full depth o f both beams, Figure 1.3.13. The repair method 
is geared to the restraint o f  existing horizontal shear failure however realistically, the shear spikes 
are simply mechanically connecting two horizontally laminated wood sections and may be less 
effective than similar systems using adhesives in the same way as adhesively bonded glued 
laminated timbers.
Two timber beams
Shear spikes inserted vertically into stacked timber beams and subject to 3-point bending 
F igu re  1.3.13 ‘S h ea r  sp ik e ’ co n cep t u sed  by R adford  e t  a l  ( 2 0 0 2 ) .
Different ‘shear spikes’ were tested by Radford and co-workers, which included nails and 
bonded-in fibreglass rods. These shear spikes were compared with unreinforced members, with 
epoxy glued timber sections and with fibreglass plates bonded to the sides o f  the beam to act as 
shear resistors. Radford and co-workers found that simple epoxy bonding o f the two timber 
members gave the best strength and stiffness enhancement over unreinforced members. The 
fibreglass plates were shown to be the next best solution for enhancing the mechanical properties 
with the fibreglass rods and the nails follow ing respectively. The fibreglass rods however, were 
shown to yield higher strains to failure and Radford and co-workers suggested the use o f a 
combination o f  fibreglass shear spikes and epoxy bonding.
W ood pile repair simulation tests have been conducted by Lopez-Anido et al (2003). 
Lopez-Anido and co-workers used fibre reinforced plastic reinforcements to repair induced damage 
to the solid cylindrical piles, which were subjected to three-point bending loads. The damage was 
generated by geometrically reducing the cross sectional diameter o f the wood piles adjacent to the 
central loading point o f the wood beam and the reinforcement was applied around the area o f the 
reduced cross section. Lopez-Anido and co-workers tested two connection methods for applying 
the reinforcement; one method used cement-based grout and one method utilised mechanical shear 
connectors (steel threaded bolts). Lopez-Anido and co-workers found that the repaired beams, 
where cement-based grout was used to connect the FRP, yielded higher strength and stiffness
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properties than when the FRP was attached by shear connectors. Only one test was made on an un­
repaired beam where the cross section had been reduced and only two tests were performed for 
each o f the reinforcing systems. The mechanical properties o f  wood are subject to high scatter so 
the use o f  one control specimen is too low to be sure that a representative comparison is made.
Duarte et al (2004) developed a timber replacement system comprised o f three steel rods 
placed in a groove cut into the centre o f the tensile face o f a beam where the three rods were 
arranged vertically in the groove and connected using epoxy adhesives. Solid pine beams were 
failed in flexure and the central fractured portion was cut away and a replacement section jointed 
between the two remaining undamaged pine sections, Figure 1.3.14. The method is used practically 
and is an efficient way o f repairing damaged timber provided support can be applied to the original 
timber beam-ends during replacement. The method does not however address the issue o f  repairing 
fracture paths, but joins reinforced and unreinforced flexural beam sections. The tests give 




Timber section from 
the old beam
----------- ---------------------------- ^
— -  Timber section from
— the old beam
Reinforcing rods which also connect the replacement section 
to the intact wood ends
F igu re  1.3.14 R ep la cem en t o f  fra ctu red  tim b er  se c tio n s  w ith  a re in fo r ce d  tim b e r  r ep la c em e n t te s ted  by  
D u a rte  e t  a l  ( 2 0 0 4 ) .
Mechanical methods o f repairing timber are an under-researched area even though the 
benefits o f  reinforcing timber using high strength and stiffness materials has been well 
documented. For the most part, empirical research concerning the repair o f  timber has involved  
testing reinforced or jointed undamaged solid timber members and may not always be appropriate 
for repairing fracture paths. The mechanisms involved in damaging wood are highly complicated 
and simple timber reinforcements, geometrical alterations or timber-to-timber connections do not 
necessarily provide further information about repairing the damage.
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1.4 An introduction to finite element analysis
The finite element (FE) method is a mathematical analysis method, which can be used to 
better comprehend the response o f structures that are inherently com plex to external stimuli such as 
stress, strain or heat. This section aims to familiarise the reader with basic principles attached to the 
finite element method.
1.4.1 An overview of basic terminology
Analysis o f  a model using the finite element method relies upon the art o f  discretisation , 
whereupon a structure is appropriately divided into numerous smaller segments called elements. 
Discretisation may follow  any o f numerous mathematical functions for dividing geometries (refer 
for example, to Gupta and Meek, 2000) and will not be discussed here. The greater the number o f  
elements used in the discretisation process, the closer the finite element replication is to the actual 
geometry o f  the structure in question. Take for example the grey circle that is discretised by 
triangular shaped segments in Figure 1.4.1. As the number o f  triangles used to represent the circle 
approaches infinity, the sum o f the triangles com es closer to equalling the area o f  the circle.
Triangular elements
Circle
F ig u re  1.4.1 A  c ir c le  d isc r e tise d  by tr ia n g u la r  sh a p ed  e le m en ts
Discretisation o f a geometrically defined shape results in a m esh , which is the elemental 
pattern that subsequently evolves. The creation o f  a mesh has no set standard and is therefore 
entirely reliant upon the experience and judgement o f the individual. Given that the mesh can 
determine the accuracy o f a finite element solution, the individual is duty bound to scrutinise over 
the discretisation process to produce, within reason, a good quality mesh. The elemental sizes can 
be subjectively altered to yield higher or lower mesh densities. M odem  finite element software 
packages also provide automatic meshing methods, although automatic meshing may easily lead to 
over- or under-meshing. Consecutively increasing the mesh density will increase the accuracy o f  a 
finite element solution to a point from where any further increase in mesh density will not improve 
the accuracy. The use o f higher mesh densities will however, utilise more solving time and 
occasionally a compromise is required. In some cases, a compromise can be made between low and 
high mesh densities by refining lower element sizes in places that may require a higher mesh
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density relative to that o f the surrounding material. In structural finite element analyses, the 
requirements may include, but are not restricted to, regions o f  high stress concentration, composite 
components that are dimensionally smaller than neighbouring components, regions o f high load or 
displacement application and regions that may experience non-linear stress-strain behaviour 
relative to regions that may remain linearly elastic. Figure 1.4.2 (a) shows a geometric shape, 
which has been discretised with a low mesh density in Figure 1.4.2 (b) and a high mesh density in 
Figure 1.4.2 (c). Figure 1.4.2 (d) shows the application o f a low mesh density to the shape in Figure 
1.4.2 (a), but with localised mesh refinement.
F ig u re  1 .4 .2  (a )  H o llo w  sp h e re  w ith  a se g m en t rem o v ed , w h ich  h a s  b e e n  d isc r e t ise d  in  (b ) w ith  a low  
d e n s ity  m e sh , in  (c ) w ith  a  h ig h er  d e n s ity  m e sh  an d  in  (d ) w ith  a  lo w  d e n s ity  m e sh  re fin ed  by  lo ca lised  
h ig h er  d e n s ity  m e sh in g  a t a c o m e r .
The spatial geometries o f elements are defined by nodes , which generate dimensionally 
restricted shapes. Figure 1.4.3 illustrates examples o f finite elements and shows the positions o f the 
nodes. Nodes can be located at the comers (co m er nodes) or centrally along one side o f an element 
edge (m id-side nodes). Element edges may be 1st order linear, or higher order curved edges. Mid­
side nodes can increase the accuracy o f a finite element calculation and also allows the element
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edge to curve and thence represent more complex shapes than are otherwise possible when nodes 
are located only at the comers. Figure 1.4.4 illustrates the situation when a curved surface is 
represented by (a) 1 st order elements with only com er nodes using and (b) higher order elements, 
which have both com er nodes and mid-side nodes. The percentage error o f the geometric 
approximation is far lower with a higher order edge than with a linear approximation, Fagan 
(1992). Higher order elements have the advantage over 1st order linear elements in that stress- 
strains relationships across an element do not follow  an assumed linear path and are therefore not 
restricted with regards to stress-strain characteristics. Higher order elements are best used in 
com plex loading situations or complex shape situations where stress-strain characteristics are 












F igu re  1 .4 .3  E x am p les o f  d ifferen t ty p es o f  f in ite  e le m en ts .
F ig u re  1 .4 .4  C urved su rfa ce  d isc r e tise d  w ith  1st o rd er  e le m e n ts  p o s se s s in g  o n ly  c o m e r  n o d e s  (a )  a n d  w ith  
h ig h er  o r d e r  e le m e n ts  th a t h ave b oth  c o m e r  an d  m id -sid e  n o d es  (b ).
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Each node will possess a number of degrees of freedom (DOF), which are essentially
restricted by the dimensional space it occupies. For example, nodes allocated within a one­
dimensional finite element model will not be able to act outside the first dimension and therefore 
cannot have DOFs exceeding unity. Each degree of freedom at each node plays an essential role in 
the calculation of nodal displacements, which in turn can yield force-displacement and stress-strain 
approximations. The following section explains these calculations in more detail.
1.4.2 Simple examples of finite element calculations
Forces and displacements are related through Equations 1.4-1 and 1.4-2 where the matrix 
[K] is the stiffness matrix and [C] is the flexibility matrix, which is essentially the inverse of the 
stiffness matrix, i.e. [C] = [K]~l.
=  \K  ]{t/ } ...................................................................................................................................Equation 1.4-1
{ t / } = [ c M ...................................................................................................  .................................Equation 1.4-2
where
{F} - Force vector
{U} - Displacement vector
[K] - Stiffness matrix
[C] - Flexibility matrix
The size of the flexibility matrix, or indeed the stiffness matrix, depends not only upon the 
number of nodes generated in a discretised shape, but also upon the cumulative number of DOFs 
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Cumulative number of degrees of freedom within the structure 
Maximum number of force transmitting nodes acting within the structure
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The basic constitutive relationships given in Equations 1.4-3 and 1.4-4 remain true 
regardless o f the magnitude o f nodes within a structure and, indeed, regardless o f the magnitude of 
D O F’s attached to each node. The subsequent relationship between force-displacement and stress- 
strain is dependant upon the nature o f the loading or displacing, the assigned materials properties 
and the assigned dimensional properties. A simple and effective explanatory example can be 
summarised from Entwistle (1999) where a one-dimensional spring element defined by two nodes, 
one at each end, is subjected to simple loading in tension and compression. Figure 1.4.5 shows the 
spring element. The original nodal positions are recognised by the black filled circles, the changed 
nodal positions due to the application o f either tension o f compression force can be seen by the 
white filled circles. The nodes on the left and right are labelled i and j  respectively. The solid black 
line between nodes i and j  is the spring element and the vertical solid line attached to a node 
indicates the node is fixed. The reaction force (units o f  force) and the displacement (units o f  length) 
at the i and j  nodes are given by R and U  respectively.





Figure 1.4.5 O ne-dim ensional spring e lem en ts defined  by one node at each end o f  th e  elem ent as subjected  
to  ten sion  and com pression .
The reaction force can be described by Equation 1.4-5 where k is the force required to 
produce a unit extension o f the spring element and U  is the displacement o f  the spring element.
R  =  k U  Equation 1.4-5
For the compression case, the reaction force at node i, R„ is represented by Equation 1.4-6. 
A s Ri+Rj =0 therefore /?,=-/?,, and the force at node j ,  /?,, where the equilibrium condition is met 
with Rj can be represented by Equation 1.4-7.
R ( — k U j .................................................................................................................................................................. Equation 1.4-6
R j  =  —k U j  Equation 1.4-7
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Similarly for the tension case, the reaction force at node j,  Rj, is represented by Equation 
1.4-8. As Ri+Rj =0 therefore Rj=-Ri, and the force at node i, Rt, where the equilibrium condition is 
met with Rj can be represented by Equation 1.4-9.
R j — kU j ............................................................................................................................................Equation 1.4-8
Rj =  - k U j ..........................................................................................................................................Equation 1.4-9
When nodal displacements for both tension and compression occur at the same time, the 
forces Rj and Rj follow the forms of the linear Equations 1.4-10 and 1.4-11, which together, can be 
represented using matrix notation, Equation 1.4-12.
Rj = kUj -  kU j ..............................................................................................................................Equation 1.4-10
Rj = —kUj + kU j .......................................................................................................................... Equation 1.4-11
' t / . lR,
R,
k - k  
- k  k Iu j
.Equation 1.4-12
The generic form of Equation 1.4-12 is (RJ = [K](U} and the stiffness matrix, [KJ can be 
related to the assigned materials as well as dimensional properties. The relationship
can be rearranged to
and therefore
R, = A<j  = A E s = A E —
L








E Assigned elastic modulus
a Axial stress in the element
e Axial strain in the element
Therefore, Equation 1.4-12 can be re-written using the dimensional and elastic inputs to 
satisfy the requirements of the stiffness matrix and is presented in Equation 1.4-13.
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f t } -
Recognising now, that the situation described from Equations 1.4-5 to 1.4-13 is for a most 
simple one-dimensional, single element, two-node, axially loaded finite element analysis; it 
becom es increasingly apparent that the complexity becom es overwhelming in situations involving 
increased numbers o f nodes, more degrees o f  freedom, com plex loading conditions and in two 
perhaps three dimensional cases. M ost computationally simulated finite element analyses do indeed 
exhibit higher complexity and inter-elemental relationships can be most easily described again, 
using a one-dimensional axially loaded case. Figure 1.4.6 shows a three node one-dimensional 
finite element model comprised o f two spring elements, which is subjected to similar tension- 
compression axial loading as in the previous example. The spring elem ents are joined by a common 
central node. The materials and dimensional properties can be different for spring element *1' and 
spring element ‘2 ’. Therefore, A , L and E  will retain subscripts i and 2  for the first and second 
elements respectively.
AE AE ( rr




1 j  k
Element 1 Element 2
Figure 1.4.6 Three node, one-d im ensional fin ite e lem ent m odel com prised  o f  tw o spring elem ents.
The stiffness matrix from nodes i to j ,  [ K ^ j] , and from nodes j  to k, follow  the
same constitutive relationship as described earlier in the two node case and are represented by 
Equations 1.4-14 and 1.4-15 respectively.












The global stiffness m atrix , [ KJ, is the superimposed combination o f all the individual 
stiffness matrices and effectively sums up the components o f  stiffness, Equation 1.4-16.
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X, W
F igu re  1.4 .7  T r ian gu lar  e le m en t in  tw o  d im e n sio n s  an d  o n e  p la n e  o r ig in a lly  d ev e lo p ed  b y  T u rn er  e t  a l  
(1 9 5 6 ) h a s  a  to ta l o f  s ix  d eg rees  o f  tra n sla tio n a l freed o m , tw o  a t e a ch  n o d e , i j ,  a n d  k .
However, to basically reiterate upon the universality o f  this form, the two-dimensional 1st 
order triangular element shown in Figure 1.4.7 lies between the orthogonal axes x and y, has a total 
o f  three nodes, i, j  and k, as well as a total o f six degrees o f  freedom (two at each node). The 
translational freedom in the x direction is defined by u and in the y direction by v. After derivation, 
the linear equations that govern the force-displacement relationships can be represented in matrix 
form, Equation 1.4-18.
Similar derivations for two-dimensional elements such as the famous in-plane triangular 
element, Figure 1.4.7, developed by Turner e t al (1956) will not be dealt with as the derivations are 
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r\---- ^11 &12 1^3 &14 1^5
1 V
K , ^21 ^22 2^3 2^4 2^5 k26 v,
F« k"S\ 3^2 3^3 3^4 3^5 3^6 4 UJ
F, kAl 4^2 4^3 k44 4^5 4^6 VJ
F
uk 5^1 5^2 5^3 5^4 5^5 5^6 u k
t--
---
V. k 61 6^2 6^3 6^4 6^5 ^66 _
.Equation 1.4-18
Equation 1.4-18 can easily be seen to hold the generic form i.e.
> 1 ' K In
U n J*1
and hence 
{ F } = W t / }
where the total number of degrees of freedom, n, is 6  and the maximum number nodes acting 
within the structure, x, is 3 nodes, each acting twice, i.e. 6 . If any of the nodes have no translational 
freedom, then x will decrease accordingly. For higher order approximations, the constants, k, will 
have more complex forms than have been shown here for the linear situations.
In many situations, materials are in contact or may potentially contact during a loading 
process. In such circumstances, contacting or indeed, potentially contacting surfaces have need of a 
topological expression though which contacting points on one surface can be related to the other 
surface. These are possible through special elements such as gap elements and contact elements. A 
stiffness constraint may be input, for example, as a friction coefficient and the frictional stiffness 
that results in the contact region is calculated as an added stiffness to the structural stiffness. Of 
course, other properties may be input into the contact criteria, which are subsequent additions to the 
overall structural calculations. There are subtle differences between the use of contact elements and 
the use of gap elements. Both may describe contacting surfaces as nodes, lines or areas however, 
the degrees of freedom of the contacting surface nodes are ascribed a constant relationship with gap 
elements, whereas with contact elements the degrees of freedom are independent on the contacting 
surfaces until contact actually occurs after which the ascribed contact relationship proceeds, Hinton 
and Hellen (1992).
The application of materials parameters for linear elastic analysis of timber is probably best 
done using the assumption of orthotropy for the timber. This was done for timber in flexure by 
BostrOm et al (1996) who built their model on the assumption that the radial, tangential and 
longitudinal directions of the timber can be approximated to the local Cartesian coordinates 
following three dimensional Hookean behaviour.
Structural materials however, seldom exhibit linearly proportional behaviour throughout 
the duration of loading. The assumption of linear proportionality as a characteristic for structural
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timber composites lies on shaky foundations and the application of non-linear analysis procedure is 
warranted. Non-linear analysis is however mathematically more complex than elastic analysis and 
the following section aims to explain the two methodological approaches available for time 
independent non-linear structural finite element analysis.
1.4.3 Non-linear finite element analysis
Certain procedural requirements involved in a non-linear finite elements analysis will 
inevitably overlap with linearly proportional analyses. These may included, but are not restricted to 
the extent of approximation in the geometric reproduction of a structure, the choice of element, the 
discretisation process, the loading conditions, the boundary conditions and the solution strategy, 
Hinton (1992).
For a non-linear problem, further complexities are introduced. Non-linear analyses may 
employ one or a combination of methods, which are usually available in commercial finite element 
software packages. The methods adopted will normally be chosen based upon their suitability or 
applicability to the problem in question. Models that are likely to encounter high displacements and 
large strains are normally modelled using the geometrically non-linear approach, although the 
method can also be used for smaller strains and deformations. When displacements become very 
large, the structure is no longer adequately represented by the original stiffness matrix, which is 
suitable for the small-strain elastic condition, Fagan (1992). The geometrically non-linear approach 
necessitates that the user understands that there is a difference between small strain and large strain 
and indeed, that strain can be represented in numerous ways. The struggle undertaken by the user 
of the method is the application of a suitable strain definition to fit the problem. Strain for a 
structural engineer for example may be defined as the change in length as a function of the original 
length, (l-l0)A0. For a metallurgist however, the strain is identified as the natural logarithm of the 
total changed length as a function of the original length, Ln(lA0)• Although the values for stress 
coincide well at small strain levels, when described as the product of the elastic modulus and the 
strain, at higher strain levels, linear behaviour to the structural engineer will appear non-linear to 
the metallurgist and vice versa. That the stress can also be expressed directly as a function of the 
geometry is also important. Stress can for example be described as the force as a function of the 
current cross sectional area (Cauchy stress) or as a function of the original cross sectional area (1st 
Piola-Kirchoff stress). At low strains therefore (<4%), the differences between the strain 
expressions can be ignored and the non-linear behaviour caused solely by geometric effects can be 
applied, Wood (1992). The non-linear behaviour of an element is estimated by updating the tangent 
stiffness and through a numerical integration process the tangent stiffness matrix is obtainable, 
Haidar and Mahadevan (2000). Although timber fails at relatively low strains in tension, the large 
strain yielding characteristics of timber in compression could well benefit from analysis using the 
geometrically non-linear method.
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Materials also exhibit non-recoverable material behaviour, whereby the material stress- 
strain behaviour exhibits a non-linear constitutive relationship. The geometrical non-linear method 
does not account for non-linear material stress-strain idealisations. The material non-linear 
approach enables the user to ascribe non-linear approximations for material behaviour. Non-linear 
material approximations can be tackled in numerous ways and depends upon factors such as the 
assumptions made upon directionality, the assumptions made about the hardening or plasticity rule, 
the format of non-linearity (non-linear elastic format, elastic-plastic format, elastic visco-plastic 
format etc), the restrictions applicable to the appropriate mathematical relationship etc. The 
majority of finite element analyses are linear elastic and this is often a consequence of the lack of 
apposite input data for producing the non-linear approximations, Bicanic (1992). Due to the 
plethora of possibilities accompanying material non-linear analysis, a lengthy and detailed 
discussion of material non-linearity is not given here. Rather, it is more justifiable to describe the 
non-linear models of wood and wood composites that have been reported in the literature alongside 
the methods employed. Certainly, where personal research conducted within this thesis uses 
established yield, hardening or plasticity rules, these rules will be stated in the Appendices.
The majority of non-linear analyses of wood and wood composites have concentrated upon 
compression yielding characteristics. Foschi (1974) used a one-dimensional finite element 
technique to model load-slip characteristics of a nail embedding into wood. Foschi chose to 
mathematically represent the embedment phenomenon using an exponential relationship between 
the load and the penetration depth. The finite element approximation also comprised dividing the 
nail length into beam elements and prescribing deflections within the elements by means of a cubic 
polynomial. Load-slip predictions were made for cases where the nail head was both free and 
clamped, the experimental results lying somewhere between the two, Figure 1.4.8. Foschi’s 
admirable load-slip predictions were restrictive because the analysis was confined to uni­
directional material behaviour. Nishiyama and Ando (2002) held that a one-dimensional analysis 
would not account for the increased load from axial forces, which develops due to axial resistance 
imposed by the nail head upon loading. Nishiyama and Ando proposed using a two-dimensional 
finite element model, which utilised the geometrically non-linear method of analysis incorporating 
the embedment response of the nail, alongside the frictional resistance of the nail against the 
timber.
More complex three-dimensional finite element models however, have been developed by 
Moses and Prion (1999) as well as Dias (2004), who defined tri-directional material non-linearity 
for wood using bi-linear stress-strain relationships, which was subjected to high compressive 
strains under an embedding steel dowel. The steel dowel was itself considered to follow an elastic- 
perfectly plastic constitutive law for an isotropic material in the case of Moses and Prion (2003), 
and in the case of Dias (2004), a work hardening law was used to describe the stress-strain 
character of the steel dowel. The magnitude of equation solving inevitably increases when one
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transits from using two-dimensional elements to three-dimensional elements however, the 
increased accuracy is often desirable. The models developed by both M oses and Prion (2003) and 
Dias (2004) em ploy simple geometric shapes for both the wood and the steel dowel, which sensibly 
reduces the com plexity o f  the model and alleviates time wastage. However the introduction of, say, 
a nail head bears the risk o f appreciably magnifying the time required for the model to solve. A  
sensible medium is needed, where both geometric and material complexity can be modelled within 
a suitable timeframe, whilst maintaining much needed accuracy .
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W henever load-slip has been modelled for joints with dowel-type fasteners, the tendency 
has been to concentrate upon the compression characteristics o f  wood, whilst ignoring the tension 
behaviour. M oses and Prion’s model made the tension characteristics identical to the compression 
characteristics and Foschi’s exponential curvature for wood was also based upon the compression 
in wood as a nail embeds. Ignoring the tension characteristics for wood in a load-slip analysis 
where the embedment o f a fastener dominates the failure mode is perfectly acceptable as 
compression is the main stress state. However, when different stress states become equally 
important, such as occurs in bending, the different tension-compression characteristics o f wood  
cannot be ignored.
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Chapter 2 SHOT FIRED STEEL-TIMBER COMPOSITES
The applicability and reliability of mechanical fastenings are integral factors 
determining the overall performance of composites and joints. The arduous task 
of drilling and bolting conventional flitch beams has the potential of being 
replaced by a simpler and faster nailing technique. The technique exploits high 
strength steel nails, which are shot fired through both steel and timber members 
by means of an explosively charged nailing gun. Understanding the capabilities 
of such fasteners is paramount as regards their usage in both reinforced 
composite beams and in composite joints. The objective of this chapter is to 
assess the performance and behaviour of such high strength steel nails in a 
timber-steel-timber joint where the nails are subjected to lateral double shear 
and to investigate the application of shot firing in flitch beam technology. The 
procedure for assessing the performance and behaviour of shot fired steel- 
timber composites was tackled by means of both traditional ‘hands on’ and 
contemporary ‘virtual’ experimentation. The virtual experimentation was 
conducted using ANSYS 5.7, a finite element analysis software package.
2.1 Nailed spruce-steel flitch joints under short term loads
The objectives of this section are to determine the experimental and theoretical load carrying 
capacity of shot fired nails connecting a spruce-steel-spruce joint where the nails in the joint are 
subjected to double shear loading.
2.1.1 Materials and manufacture of composite joints
Steel-timber composite flitch joints were manufactured by sandwiching two mild steel 
plates at a distance of 20mm between two sections of Sitka spruce (Picea sitchensis), Figure 2.1.1. 
The composite elements were connected by shooting 80mm long, high strength steel nails, Figure
2.1.2 (a), through the 3-layer system in a single shot action using a SPIT200 nailing gun, which can 
be seen in Figure 2.1.2 (b). No pre-drilling of the steel was necessary as the explosive charge, 
shown in Figure 2.1.2 (c), which can be altered to suit different nailing requirements, was sufficient 
to permit full penetration of the nails through both the steel plate and the spruce. The nails were 
fired in from the same side of the composite such that all the nail heads lay in one spruce section, 
while all the nail tips lay in the other spruce section. The nails may, to some extent, countersink 
into the timber due to the force of the explosion. The depth of penetration into the timber is 
variable and is dependant upon the force of thrust relative to the resistance in the steel and timber 
members beneath the incoming nail. In fact, the shank of the nail does not penetrate the full depth
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o f  both timber sections. The timber thickness on both sides o f  the joint can therefore be considered 
as equal to the depth o f pointside and headside penetration depths o f the nail.
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LVDT clamped (red) onto steel 
plate with monitoring head 
resting against spruce section.
F ig u re  2.1.1 P lan  an d  s id e  v iew  o f  d o u b le  sh ea r  te s t  se t  up  sh o w in g  d im e n s io n s  o f  c o m p o site  m em b ers, na il 
sp a c in g  d is ta n ce s , p o s itio n  o f  LVDT d isp la ce m en t tra n sd u cers  a n d  d ir ec t io n  o f  fo r ce  a p p lica tio n .
An optical inspection revealed that the nail tip exhibited no deformation after penetrating 
the steel. The nails were fired in through only one side o f  the specimen. The dimensions o f the 
com posite elements and fasteners are given in Table 2.1-1. The high strength o f the steel nails is 
achievable through the lower bainite reaction, which facilitates the production o f carbon in large 
quantities and effectively strengthens the steel.
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Figure 2.1.2 (a) an exam ple o f  the high strength steel nails used  in  the flitch  jo in t tests, (b) the nailing gun  
and (c) the nails are fired through the com posite by m eans o f  a forceful explosion  delivered by th ese  
charges.
Material Length/mm Width/mm Thickness/mm Diameter/mm No. used per specimen
Mild steel 200 180 6 - 2
Sitka spruce (C16) 260 190 47 - 2
Nails 80 - - 3.6 8
Table 2.1-1 D im ensional properties o f  com posite elem ents m aking up the spruce-steel flitch jo in ts.
Four nails were used to connect each plate between the sections o f spruce. The nail spacing 
arrangement parallel to the grain (aO, perpendicular to the grain (a2) and from the loaded edge (a3it) 
were respectively 12, 40 and 14 times the diameter o f the nail, d, which was 3.6mm. The spacing 
arrangement for the nails perpendicular to the grain is eight times higher than the guidance for 
minimum spacing distance given in Eurocode 5 (EC5), (D D  ENV1995-1-1 (1994)) and four times 
higher than the guidance for minimum spacing distance as stipulated in BS 5268-2 (2002). This 
alleviates the potential interaction o f localised stresses between the nails in the wood perpendicular 
to the grain. Hence, the burden imposed upon the spruce timber should theoretically be confined to 
the direction parallel to the grain. Table 2.1-2 details the nail spacing arrangement employed for the 
test specimens. A lso in Table 2.1-2 is the guidance provided for relevant minimum nail spacing 
distances according to both EC5 and BS 5268 Part 2 (2002).
Nail spacing distances/mm








Test specimens (spruce-steel flitch) 12d 40d 14d
Eurocode 5 (DD ENV 1995-1-1) for nailing without 
pre-drilled holes. (The same guidance is advised for 
steel-timber joints as is for timber-timber joints)
lOd 5d 15d
BS 5268 Part 2 (2002) for nailing timber without pre­
drilled holes 20d lOd 20d
BS 5268 Part 2 (2002) for nails in steel-timber joints 
with pre-drilled holes 14d 7d 14d
Table 2.1-2 Nail spacing arrangem ent for test specim ens and m inim um  nail spacing arrangem ent 
according to  guidance in Eurocode 5 (DD E N V 1995-1-1) and BS 5268-2  (2 0 0 2 ).
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2.1.2 Test conditions and specifications for double shear joints
In total, ten composite double shear specimens were tested under service class 2  
conditions. The moisture content was determined for the spruce timber by oven drying and was 
found to be approximately 12%. Each composite specimen was subjected to tensile loading until 
slightly beyond the peak load. Load was applied via purpose-made holes in the steel plates, which 
consequently transferred the load through the nails and into the timber members. The nails were 
therefore subjected to lateral shearing within the steel-timber composite system. Deliberately 
applying a slow loading rate reduces the chances of premature brittle failure in either the nails or 
the timber and consequently a crosshead speed of lmm.min'1 was used. Two linear variable 
differential transformer (LVDT) displacement transducers were attached to the plates at each end 
of each composite specimen. The monitoring head of each LVDT displacement transducer was 
positioned so as to rest upon each end of the spruce section. The LVDT displacement transducers 
were located in line with each other with the spring-loaded probes resting upon the spruce section 
in the grain direction on the side of nail head penetration. The outcome sought from applying the 
LVDT displacement transducers was to measure the magnitude of slip between the plates and the 
spruce sections during testing (refer to Figure 2.1.1)
2.1.3 Analysis of composite joints under static loads
2.1.3.1 LATERAL LOAD CARRYING CAPACITY OF THE FASTENERS
The average load carrying capacity of the joint that is, for four nails, was 20.45kN with a 
standard deviation of ±2.34kN. Making the assumption that the loads are uniformly distributed 
between each nail, the mean load carrying capacity per shear plane amounts to 2.56kN with a 
standard deviation of ±0.29kN about the mean. Table 2.1-3 compares the load carrying capacity per 
shear plane with the similar dimension round wire nails in steel-timber joints (strength class C16) 
as described in Table 6.1 of BS 5268-2 (2002). The values in Table 6.1 of BS 5268-2 (2002) are for 
timber-timber joints and are used for steel-timber joints with a correction factor of 1.25.
Nail diameter/mm Average penetration depth/mm Load carrying capacity/N
Tested nails 3.6 37 2560
BS 5268 (2002) 3.4 41 471
BS 5268 (2002) 3.8 46 566
Table 2.1-3 Comparison of load carrying capacity per shear plane o f different nails in a flitch joint.
Figure 2.1.3 shows the load slip characteristics for the specimens with the highest and 
lowest values for loading resistance. The plots for every specimen are not plotted for reasons of 
clarity. The slip of the steel plate from the spruce sections, as measured using the LVDT 
displacement transducers, is plotted for both ends for each sample. The slip was measured on the
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same side o f  each end for the joints (refer to Figure 2.1.2). Although the slip at each end is 
relatively well matched, it was noted that the slip at each edge in some o f the joints was different 
and indeed, the slip in the pointside and headside spruce sections may also have been dissimilar as 
a consequence o f the different axial resistance achievable with, or without, a nail head. The 
methodology employed for measuring the slip o f the steel plate from the spruce could well be 
developed further to account for these differences by attaching LVDT displacement transducers to 
both sides o f the steel plate and to both edges o f the beams. As the load-slip characteristic at the 
joint ends appear to be comparatively similar, perhaps it would be sufficient to position four LVDT  








slip at top 
slip at bottom 
S9 - slip at top 
S9 - slip at bottom
'peak load' arithmetic mean for sample set
0 2 4 6 8 10
Slip of plate from wood/mm
Figure 2.1.3 Load-slip characteristics o f  spruce-steel com posite jo in ts . The slip , m easured using  an LVDT 
disp lacem ent transducer, is plotted for both ends o f  each sam ple. For reasons o f  clarity, the load-slip  
characteristic is  p lotted for only the jo in ts  show ing the h ighest and low est load carrying capacities.
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2.1.3.2 FAILURE OBSERVATIONS
The load-slip characteristic o f  the nails all follow ed a trend whereby the nails developed a 
plastic hinge at the interfacial region between the steel plate and the timber. Subsequent plastic 
deformation in the spruce ensued as the nail embedded into the spruce members, which thereby 
initiated the onset o f  cracking in the spruce, Figure 2.1.4.
Formation of plastic hinge
Head of shot fired nail embedded 
into spruce
Figure 2.1.4 Typical failure m ode com prising plastic failure o f  tim ber under the deform ing nail. The nail 
form s a p lastic hinge at the steel p late to  tim ber interface. In th is p icture how ever, the nail has fractured  
after yielding.
Mode I failure (tensile opening) occurred longitudinally along the grain following the row 
o f nails. This failure however only happened in the timber section containing the nail heads. This is 
because the nails heads create localised stress concentrations in the wood parallel to the grain axis. 
Some o f  the nails also failed catastrophically, however the majority only experienced plastic 
deformation. Figure 2.1.5 shows mode I timber failure as viewed from the front (a) and from above 
(b).
Scanning electron microscopy was used to inspect the resultant fracture surface o f  the 
timber after the propagation o f the mode I crack. Figure 2.1.6 (a) shows a band o f  fractured ray 
cells in the tangential longitudinal plane. The lumens o f  the xylem  tracheids are exposed due to 
longitudinal fracture along the xylem  cells, a consequence o f  the crack opening fracture 
mechanism. Figure 2.1.6 (b) illustrates the damage in and around bordered pits due to mode I 
fracture. The bordered pits are heavily reinforced with cellulose microfibrils and generally maintain 
their form even though cracks may propagate close to them. This results in the propagation o f the 
crack and subsequent catastrophic failure in the surrounding material. The lack o f damage to the 
bordered pits, despite adjacent fracture, can be seen more clearly in Figure 2.1.6 (c).
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Figure 2.1.5 M ode I ten sile  opening o f  tim ber sections under load ing occurred along the row o f  nails but 
only in the tim ber sections that incorporated the nail heads. A view  from  the front o f  the headside tim ber 
m em ber is seen  in  (a) and from  above in (b).
Figure 2.1.6 (a) SEM im age show ing longitudinal xylem  cells cleaved on  a tangential longitudinal plane  
w ith exposed  lum en pit openings and a section  through a band o f  ray ce lls  in  m ode I failure, (b) Damage 
around bordered pits is due to  m ode I fracture. Cracks form ed around bordered pits and catastrophic 
failure occurs in  the surrounding m aterial, (c) A closer view  o f  dam age across and around bordered pits.
2.1.3.3 NAIL ANGLE AND YIELD MOMENT
For three o f the ten flitch joints, loading was stopped immediately after composite failure. 
For these three specimens, both pointside and headside deformed fastener angles were checked. On 
average, the pointside angle was 9.2° and the headside angle was 8 .1°. It is logical that the pointside 
angles should be higher than the headside angles because the deformation on the headside o f the 
shank is axially restrained somewhat by the presence o f a nail head whereas in contrast, the nail tip 
does not cause any degree o f restraint. It is also worth noting that these angles, which were post 
yield angles, are significantly lower than the yield angle for calculation o f a yield moment as 
suggested in BS EN 409 (1993) because the bainitically hardened nails are essentially hard and
63
Chapter 2  SHOT FIRED STEEL-TIMBER COMPOSITES
brittle. This standard describes the yield moment as being the bending moment at peak load for a 
nail, or the load at which a fastener bends through an angle o f  45°, whichever is the lesser. Blap et 
al (2000) have also noted that many fasteners yield at a lower angle than 45° and acknowledged 
that such an oversimplification could lead to inaccurate theoretical determination o f the load 
carrying capabilities. Therefore, the peak load value, rather than the load at an angle o f  45°, was 
used to determine the yield moment and calculations were carried out according to BS EN 409  
(1993). For this test an 80mm long nail was subjected to four point bending where the span o f the 
bottom rollers was 65mm and the distance between the top rollers, /2, was 32mm, Figure 2.1.7. The 
distance between the applied load and the nearest support, // and l3, was equal on both sides and 










Figure 2.1.7 T est m ethod used for determ ination o f  the yield m om ent o f  nails. The test m ethod em ployed  
was in accordance w ith the test m ethod described in  BS EN 4 09 .
The yield and peak stresses were observed to be 2.69GPa and 3.56GPa respectively. As the 
yield angle o f the fastener is below 45°, the load at such an angle cannot be determined. The other 
alternative advised by BS EN 409 (1993) is to use the lesser o f  the product o f either Fjlj or F3 I3 , 
where F is the maximum force. In this test Filj = F3 I3  and the yield moment, My, is calculated as 
16558Nmm.
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2.1.4 Modification of the current Eurocode 5 equations
EC5 predictions for the design resistance, Rd, for single fastener connected timber-steel- 
timber joints are illustrated in Figure 2.1.8 and represented by Equations 2.1-1 to 2.1-3 (modified 
Johansen equations).
Rd = W n x A d ................................................ (M ode I). .E quation  2.1-1
Rd 1 2+
AMy<d -1 .(M ode II).............................. E qu ation  2.1-2
K  = 1 -5 V 2  M , J k.u d ............................... (M ode III).................   E qu ation  2.1-;
F igu re  2 .1 .8  M o d es o f  fa ilu re  an d  re la ted  e q u a tio n s  fo r  th e  d e sig n  r e s is ta n c e  o f  t im b er-stee l-t im b er  sin g le  
fa s te n e r  j o in t s  a s  p resen ted  in  E urocod e 5.
When applied to nailed joints, t t is taken as the lower value o f headside or pointside 
penetration, d  is the diameter o f the nail, / / , ]d is the design value for the embedment strength o f the 
nail into one o f  the timber members and Myd is the design value for the yield moment o f the nail. 
The design value for embedment,f j , j ,d is represented by Equation 2.1-4.
fh ,l,d  ~
kmod fh,\,k 
y  m (tim ber)
.E quation  2.1-4
In Equation 2.1-4, f hJtk is defined as the characteristic embedment strength o f the nail into 
one o f the timber members and is calculated as 0.082pkd 03N m m 2 (pk is the density o f  the timber 
member into which embedment occurs in kgm'3 and d  is the nail diameter and is input into the 
equation in mm). The modification factor, k ,^  is for solid timber under service class 2 conditions 
and short-term loading and is 0.9 as instructed in the EC5. ym(umber) is a partial coefficient for 
materials properties o f solid timber and is advised as being 1.3. The design yield moment, My_d, is 
represented by Equation 2.1-5.
M y<k
y  m (stee l)
.E quation  2.1-5
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In Equation 2.1-5 the characteristic yield moment, Myk, is relevant to common smooth steel 
wire nails with a minimum tensile strength of 600MPa and is calculated according to Equation 2.1- 
6 - Jm(steel) is the partial coefficient for materials properties of steel and is advised as being 1.1.
EC5 recommends the use of the lowest value for the design resistance, regardless of the
predicted Rd may be much lower than an empirically determined Rd. The reasons can be 
summarised as follows:
o My<k is calculated on the basis that the tensile strength of the nails is 600MPa. For higher or
lower strength fasteners, the characteristic yield moment is likely to be different, and indeed, 
related to the yield strength properties of the fastener. With regards to the current nails being 
used, the tensile strength is approximately 2GPa, and therefore My>k is likely to be higher than 
is calculated using the current EC5 equation, 
o EC5 describes tj as being the lesser of the headside or pointside penetrations. Therefore, if
there exists a significantly higher penetration in one timber member relative to the other, as 
was clearly observed in the tests conducted, the lower ti is likely to give a very pessimistic 
design resistance often not observed in practice, especially for very hard grades of steel. The 
average pointside penetration to the nearest integer was recorded as 27mm, which was 
almost half the penetration depth in the headside timber member (47mm to the nearest 
integer).
2.1.4.1 MODIFICATION OF THE PREDICTED YIELD MOMENT
For the reasons described above, it seems plausible to suggest the use of a modified equation 
that accounts for different yield moments that may arise in fasteners with different strengths as well 
as accounting for both pointside and headside penetration depths. As higher strength fasteners yield 
at a lower angle than the value of 45° specified by BS EN 409 (1993), the yield moment is 
calculated from the flexural strength (see 2.1.3.3). If a linear relationship is assumed between the 
flexural strength, Of, and the tensile strength, at, then Equation 2.1-6 can be factored by a ratio of at 
to (76oo, where a represents a tensile strength of 600MPa to give a modified characteristic yield 
moment equation, Equation 2.1-7, which shall be denoted as My>km.
The design yield moment is therefore modified from Equation 2.1-5 to give Equation 2.1-8.
M yt  = m d 26 .Equation 2.1-6
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Equation 2.1-8 can replace Myid in Equations 2.1-2 and 2.1-3. Table 2.1-4 compares the 
experimentally determined yield moment, My, from Section 2.1.3.3 with the EC5 predictions, My<k, 
and the modified predictions, Mykm, from Equation 2.1-7, for a, = 2GPa .
Yield moment expression Yield moment value/Nmm1
Calculated yield moment, Mv 16558
EC5 Myk 5031
Modified expression (Equation 2.1-7), My km 16770
T ab le  2 .1-4  C o m p arison  o f  EC5 ch a ra cter istic  y ie ld  m o m en t e x p r e s s io n  a n d  m o d ified  ch a ra cter istic  y ie ld  
m o m e n t e x p r ess io n  w ith  e x p er im en ta lly  d e term in ed  y ie ld  m o m en t.
Table 2.1-4 demonstrates that the characteristic yield moment, Myikm, from Equation 2.1-7, 
is much closer to the experimentally determined yield moment, which was calculated according to 
B S E N  409(1993).
2.1.4.2 MODIFICATION FOR UNEQUAL FASTENER PENETRATION DEPTHS
The tested spruce-steel composite joints failed according to the mode II mechanism in 
Figure 2.1.8, which corresponds to Equation 2.1-2 (EC5). A s mentioned before, the headside 
penetration depth is approximately one and a half times greater than the pointside penetration 
depth. The next modification to the EC5 equation accounts for both penetration depths as well as 
the possible different embedment strengths o f two dissimilar timber members. Figure 2.1.9 is an 
illustration o f a nail in a timber-steel-timber joint where the headside and pointside penetration 
depths are unequal. The pointside penetration depth in this diagram is taken as ti and the headside 








F ig u re  2 .1 .9  I llu stra tio n  o f  a  n a iled  tim b er-stee l-tim b er  jo in t  w h er e  th e  h e a d s id e  a n d  p o in ts id e  p en e tra tio n  
d e p th s  a re  d ifferen t. T he p o in ts id e  an d  h ea d s id e  p en e tra tio n  d e p th s  a re  d e n o te d  t, a n d  U  r esp ectiv ely .
A more accurate representation o f the Equation 2.1-2 would average the load carrying 
capacities o f  both sides o f the joint. This can be represented by Equation 2.1-9.
Rd = -  
d 2 f h , l ,d d t l
2  +
4  M y.d
fh , \ ,d d t \
- 1 +  f h ,2,dd h 2 +
4  M y,d
f h X d d t2
- 1 .E quation  2.1-9
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by taking the common denominator, f hXdd t2,
2  +
4 M y.d
f h X d d t l
- 1  can be expressed as
\ 2 f hlddt? + 4 M  d
I  ---------- — ------1 , which can be simplified
\  f h X d d t \
to
V 2
f h x d d h
fhXddh
- 1.
Using a similar approach, 12 +
4 M y.d
fh ,2 ,d d *2
- 1  can be expressed as
S .
fh,2,dd t 2 + 2M y d    2
fh ,2 ,d d *2
This yields an equation, which can be represented as 
1
- 1  by taking f h 2,dd t2 as the common denominator.
Rd = ~  d 2 f h X d d U
j ^ X d ^ l  y d l fh,2,dd t2 y d
— 1 / “ -A  — 1
If ^h,2,d = P , and — = CC, then
f h X d  h
R d  = ~  * 2 fhXddh
which allows A/,* h and d  to be taken out, giving
+dT ^ - i
V f h X d  1 1 G $ f h X d d h
R d  =
f h X d d h S. f h X d d h  “*■ y,d
f h X d d U
- 1 + a p ^  l*XffihXddt 1 ^
y ocPfhxdd t2x
.Equation 2.1-10
If the modified design yield moment is applied, then
K  =
f h X d d h ^  l f h X d d *l ^
V f h X d d h
+ a p S. G f f i h X d ^  1 '*r ' ^ d y,dm
hXddt\
.Equation 2.1-11
If the 10% correction factor is introduced, as advised with the original mode II equations in EC5, 
and applied to each timber member, then for the case of an unmodified yield moment expression 
(Equation 2.1-5)
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^ffihxddti + 2 M y<f  ^
h,\,ddt\
.Equation 2.1-12
and in the case of a modified yield moment expression (Equation 2.1-8)




In these equations, f hj id and f h>2,d are the design values for embedment strength for timber 
members 1 and 2  respectively, d  is the diameter of the nail, tj and t2 are the pointside and headside 
penetration depths respectively, Myid is the design value for the yield moment of the nail and Myidm 
is the modified design yield moment (see Equation 2.1-8).
Equations 2.1-10 -  2.1-13 can be considered as the generic equations that represent any 
given nail penetration depth for both pointside and headside penetration within a timber-steel- 
timber flitch joint given any value for embedment strength in each timber member. Presentation of 
the generic equations in a format involving the ratios a and /? simplifies their use as, both f^.d and t2 
are replaced by f hj d and ti respectively. Only if a = /? = 1, will the generic equations reduce to the 
original Eurocode 5 equation shown as Equation 2.1-2, which should be accepted therefore, as 
specific to the given case whereby the pointside and headside penetration depths are equal, and the 
embedment strength is the same for each timber member. Equation 2.1-13 is appropriate for very 
stiff and strong steel nails with high yield strengths and low yield angles.
2 .1 .4 .3  COMPARATIVE RELIABILITY OF THE EQUATIONS
The reliability of the proposed equations can be proven by means of direct comparison 
with the values obtained from the tested specimens for the load carrying capacity per shear plane. 
Table 2.1-5 describes the methods for predicting the load carrying capacity and the numerical 
values are compared in Figure 2.1.10. Experimental parameters are listed in Table 2.1-6 and these 
correspond to the high strength nails and the spruce timber used in the experiments.
Examination of Figure 2.1.10 shows that the load carrying capacity predicted by the 
modified equations is far more accurate than the current ‘Lowest of 3* EC5 predictions. It is also 
clear that the ‘Lowest of 3’ EC5 predictions are far below the true carrying capacity of the tested 
nailed joints. Application of the modified yield moment in the equations tends to increase the load 
carrying capacity to a greater extent than simply accounting for the different penetration depths. 
Although Chui and Chun (2000) reported that the lateral strength of nailed joints depends less on
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the yield strength of the nail and more on the nail diameter, it is clear that the strength of the nail is 
highly influential upon the load carrying characteristics of nailed joints.
Nonetheless, it is also clear that accounting for the different penetration depths brings the 
predicted value closer to the true tested values. The combination of accounting for the different 
penetration depths of the nail, together with the implementation of the modified yield moment into 
the equations shows an improved prediction when increased by the EC5 advised 10%. The load 
carrying capacity as predicted by Equation 2.1-13 lies at the lower bound load carrying capacity of 
the test sample set.
Designated title_________________________ Description______________________Equation
Lowest of 3 EC5 advice on taking the lowest design resistance value 
obtained from three equations (2.1-1 to 2.1-3)
2.1-1 to 2.1-3
Lowest of 3 (Mydm) EC5 advice on taking the lowest value obtained from three equations (2.1-1 to 2.1-3) except replacing the yield 
moment, Myd, with the modified yield moment, Mydm
-
Modified equation 2.1-10 Modified equation to account for headside and pointside penetration in potentially dissimilar timber members that 
may have different values for the embedment strength
2 .1-10
Modified equation 2.1-11 Modified equation to account for headside and pointside penetration in potentially dissimilar timber members that 
may have different values for the embedment strength and 
replacing My d with My dm
2 .1-11
Modified equation 2.1-12 
(10%)
Modified equation to account for headside and pointside 
penetration in potentially timber members that may have 
different values for the embedment strength. Includes the 
10% correction factor recommended in the original EC5 
equations
2 .1-12
Modified equation 2.1-13 
(10%) (My dm)
Modified equation to account for headside and pointside 
penetration in potentially dissimilar timber members that 
may have different values for the embedment strength. 
Includes the 10% correction factor recommended in the 
original EC5 equations and replaces Myj  with Mytdm
2.1-13
Table 2.1-5 Designated titles given to the methods used for predicting the load carrying capacity per shear 
plane o f timber-steel-tunber joints with relevant Equation numbers provided.
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Modified equation 2.1-13 
(10%, My.dm)
upper and lower ultimate 
T  limits for tested samples 
2kN 2.9kN
Modified equation 2.1-12 
( 10%)
Modified equation 2.1-11 
(My.dm)
Modified equation 2.1-10
Lowest of 3 (My.dm)
Lowest of 3
1 standard deviation 
either side of the mean 
for tested samples
Mean from tests
1.5 2 2.5 30 0.5
Load carrying capacity per shear plane/kN
F ig u re  2 .1 .10  A  co m p a r iso n  o f  d ifferen t th eo retica l a p p ro a ch es  to w a rd s p r ed ic tin g  th e  lo a d  carry ing  
ca p a c ity  p e r  sh e a r  p lan e  o f  n a iled  t im b er-stee l-tim b er  jo in ts .
Parameter Description Numerical value
d Diameter of nail 3.6mm
Pk Characteristic density of timber 320kgm'3
ti Pointside nail penetration 27 mm
t2 Headside nail penetration 47 mm
fw .d Embedment strength of pointside timber member 12.37Nmm‘2
fh,2,d Embedment strength of headside timber member 12.37Nmm‘2
P Ratio off K2j  to A/.rf 1
a Ratio of t2 to ti 1.741
afi Product of a  and/3 1.741
My.k Characteristic yield moment 5031Nmm-'
My,km Modified characteristic yield moment 16770Nmm'1
My,d Design yield moment 4574Nmm'1
Mydm Modified design yield moment 15246Nmm'1
fh.l.ddtl Product off KItd, d  and // 1202.4N
fh,i.ddti2 Product of fw.d, d  and tj2 32463.8Nmm
afifhi.ddti2 Product of a, /?, f h Ld, d  and t? 56519.5Nmm
T able  2 .1 -6  P a ra m eters an d  th e ir  n u m erica l v a lu es in p u t in to  e q u a tio n s  fo r  p r ed ic tin g  th e  lo a d  carry ing  
ca p a c ity  p e r  sh e a r  p la n e .
For reasons o f safety, design o f timber structures incorporates strength values taken at the 
lower 5th percentile calculated from a sample set. Given that the sample size, n, is small (10  
samples), it will have to be assumed that the data follows a normal distribution. The lower 5th 
percentile value for the load carrying capacity, Rd, 0.05> can be calculated by defining the lower 5th 
percentile confidence interval using Equation 2.1-14.
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S X ,9
4 n
R d,0.05 -  X  -  *0.05,9 ~ r = ~  ................................................................................................................Equation 2.1-14
n - Sample size (= 10)
to.05,9 - t-value from table of t-values for a 90% confidence interval using an estimator of
n-1 for the sample size (= 9)
Sx,9 - Estimated standard deviation for a small sample size where an unbiased estimate
of n-1 is used for the sample set X  and,
S x , 9 ~  X  f e i  ~  %) .......................................................................................................... Equation 2.1-15
X  - Mean of the sample set
Therefore, Rd,o.os = 2.39kN per shear plane and the closest prediction (from Equation 2.1- 
13) is 0.39kN lower than the 5th percentile characteristic strength. Moreover, a hypothesis claiming 
that the predicted Rd from Equation 2.1-13 is the sample mean can be rejected at every tabulated 
level of significance. More clearly,
r„ =  *  Mxr  = 6.45 > r0003 9 = 3.25 > = 1.383
N n
and the Equation 2.1-13 prediction lies outside a 99% confidence interval as well as an 
confidence interval.
Tn - Calculated T-test value
to.005,9 - t-value from table of t-values for a 99% confidence interval using an estimator of
n-lio i the sample size (= 9) 
to .1,9 - t-value from table of t-values for a 80% confidence interval using an estimator of
n-1 fox the sample size (= 9) 
fix - theoretical value of Rd from Equation 2.1-13
The modified yield moment assumes that there is a linear relationship between the flexural 
strength and yield strength of different strength fasteners. This approximation may well be slightly 
detrimental to the load carrying of the nails predicted in Equation 2.1-13. An empirical study to 
determine the true relationship between the flexural strength and yield strength of different strength 
fasteners will allow a more accurate modification of Equation 2.1-13.
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2.2 Finite element analysis of spruce-steel flitch joints
The aim of this section is to develop a non-linear finite element model that can be used to 
monitor the load-slip as well as stress-strain characteristics of the nailed flitch joints investigated in 
section 2 .1 .
2.2.1 Modelling methodology
A linear elastic finite element model is not sufficient for quantitatively predicting the load- 
slip characteristics of spruce-steel flitch joints beyond the elastic range (refer to load-slip curves in 
Figure 2.1.3). As a qualitative visual guide however, a linear elastic model is useful, as interest 
generally rests on assessing the distribution of stress and strain contours in the joint, or, the
magnitude and directionality of force vectors. For this reason, an attempt is made to develop a 2-
dimensional finite element model capable of predicting the load-slip characteristics of nailed flitch 
joints. Although 2-dimensional finite element models are less accurate than 3-dimensional finite 
element models when geometrically complex structures are being analysed, the magnitude of 
equation solving carried out by the computer is greatly lessened and the time saving is often 
desirable.
2.2.1.1 BUILDING THE MODEL
The model is built from a plane representing one row of nails in two timber members at 
one end of the composite joint, in other words, one half of the structure depicted in Figure 2.1.1 as 
seen from the side. A gap of 6 mm is left between the timber members where the steel flitch plate 
would be. Otherwise, the dimensions of the timber are 47mm thick by 130mm long and the nails 
are 80mm long by 3.6mm wide with a tip length of 5mm and a head thickness of 1.5mm. The plane 
depicts the maximum diameter of the nails (i.e. in the centre of the shank along the nail axis) and 
the joint is symmetrical about its longitudinal axis. The nail heads are modelled with a 5mm 
headside penetration depth into the timber. This figure of 5mm was the deepest penetration 
recorded in the tests and alternative penetration depths are modelled in Section 2.2.2, as there was 
some variation in the penetration depth. Modelling the deepest penetration is likely to give a more 
pessimistic computational result.
2.2.1.2 DISCRETISATION OF COMPOSITE COMPONENTS
Higher order plane elements were used to mesh both the spruce and the nails. Each element 
comprised eight nodes, four of which were comer nodes and four mid-side nodes. Two degrees of 
freedom exist at each node in the directions perpendicular and parallel to the spruce grain axis. The 
grain direction is coincident with the Cartesian x-axis of the working plane. The use of higher order
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elem ents permits the creation o f a coarser mesh due to the higher tolerance o f  geometric 
irregularities.
Figure 2.2.1 shows the meshed model. Consecutively reducing the size o f  the elements 
increases the accuracy o f  the model until eventually, the accuracy o f  the solution will begin to 
plateau. As reducing the element size also increases the time required to solve to model equations, 
it is worthwhile to use an element size that is at the beginning o f the accuracy plateau. Meshing o f  
the solid bodies was however, made somewhat more complicated through the application o f contact 
elem ents to the interfacial regions o f  nail-spruce contact. The creation o f a tight mesh in regions of  
contact where high-localised stresses are expected, coincides with the regions o f  contact where the 
nails are expected to plastically compress the spruce. As the contact elements overlay the surface 
geometry o f  the solid bodies, node for node, a high mesh density will result for both the contact and 
the solid elements. The consequence is an extremely high computational cost that negates the 
objective, which is to develop an efficient 2-D model. Hence, the solid bodies were meshed with a 
relatively even mesh density throughout the individual bodies and element edge lengths o f 3mm 
and 1mm were chosen for the spruce and the nails respectively. The outcome o f  this should be a 
relatively accurate and fast solving model.
Resistance to interfacial sliding between the nails and the spruce was designated by a 
friction coefficient o f 0.6. The friction coefficient o f steel on wood is normally between 0.2 and 
0.6. A value at the high end o f the scale was assumed as there was no surface pre-treatment applied 
to either the nails or the spruce for reducing friction.
3mm element edge lengths 
assigned to the spruce
1mm element edge lengths 
assigned to the nails
F ig u re  2 .2 .1  D iscre tised  2 -d im en sio n a l so lid  m o d e l sh o w in g  th e  m e sh  p a tte rn s  fo r  th e  n a ils  a n d  sp ru ce .
74
Chapter 2 SHOT FIRED STEEL-TIMBER COMPOSITES
2.2.1.3 MATERIALS PROPERTIES OF THE NAILS
For the linear elastic analysis procedure, the nails are assumed isotropic, i.e. that
Ex = Ey = Ez =  E
Uxy = Vyz = Vxz = U
Gxy = Gyz = Gxz = G
The elastic modulus, E, and the major Poisson’s ratio, u, are input as 210GPa and 0.29  
respectively. The shear modulus, G, is consecutively calculated using Equation 2.2-1.
E
U  =  — 7--------r ........................................................................................................................................................................ E qu ation  2.2-1
2(1 +v)
The density o f  the steel was taken to be 7900kgm'3. It was hypothesised that the plastic 
behaviour o f the nails followed an isotropic hardening plot, which was defined multi-linearly. The 
defined stress-strain plot followed the path o f  the tested nail in bending and Table 2.2-1 
summarises the coordinates for the stress-strain characteristic. This ensured that at a given strain, 
the stress state o f  the nail would correspond to the stress calculated from the test results in section 
2.1.3.3. Figure 2.2.2 shows a graphical representation o f the multi-linear approximations used to 







T able  2.2-1 C o o r d in a te s  in  a s tr e ss -s tra in  ch a ra cter istic  u sed  to  d e fin e  th e  b eh a v io u r  o f  a n a il in  b en d in g .








F ig u re  2 .2 .2  M u lti- lin ea r  a p p ro x im a tio n s d escr ib in g  th e  s tr e ss -s tra in  ch a r a cte r istic  o f  th e  n a ils .
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The departure from linear elastic behaviour commences when the stress state surpasses a 
critical value, acrit, which is calculated from the von-Mises yield stress, <7V, for plane stress, 
<tv = tJ<j 2x -  axa y + a] ■ The critical value defining the proportional limit is 2.69GPa (Table 2.2-1). ax
and oy are the calculated normal stresses that develop in the orthogonal Cartesian axes, x and y 
respectively.
2.2.1.4 MATERIALS PROPERTIES OF THE SPRUCE
The Sitka spruce, classified as strength class C l6 , was modelled as an orthotropic solid 
applying the elastic constants and Poisson’s ratios defined by Dinwoodie (2000) for Sitka spruce, 
Table 2.2-2. Although the model for the joint is in the plane state, ANSYS 5.7 software requires 
input data for all three principal axes. The density of the spruce was taken to be 320kgm'3.
Property X y
Direction or plane 
z xy yz xz
E/GPa 0.5 11.6 0.9 -
G/GPa - - 0.72 0.75 0.039
V - - 0.47 0.029 0.43
Table 2.2-2 Elastic properties o f Sitka spruce, from Dinwoodie (2000).
The basis for modelling anisotropic plasticity using ANSYS 5.7 is explained in Appendix 
B and the reader might wish to consult this Appendix before proceeding. The anisotropic plasticity 
option in ANSYS 5.7 theoretically allows the definition of normal yield stresses for both tension, 
Oty, and compression, ocy, in the x, y  and z principal axes of orthotropicity. Similarly, xy, yz and xz 
yield stresses in shear, xy, must be defined. Beyond the normal and shear yield stresses, tangent 
moduli and tangent shear moduli describe the plastic stress-strain relationships in each direction 
and plane. The combined outcome of the elastic and plastic inputs is the development of a bi-linear 
stress-strain plot in each direction and plane. Due to the restriction of plastic incompressibility and 
the closed yield surface (see Appendix B), plots in each of the directions and planes are not 
independent. Consequently, the different tension and compression characteristics of wood cannot 
truly be accounted for.
As embedment characteristics of dowel-type fasteners into timber are by and large 
dominated by compression, an approximation is made whereby the plastic behaviour of spruce in 
tension is normalised to its behaviour in compression. In this way, the model bears similarity to the 
three-dimensional single fastener model developed by Moses and Prion (1999). By doing this, the 
plastic incompressibility consistency restrictions are easily satisfied (see Appendix B).
The determination of normal and shear yield stresses along the gradient of the plastic zone 
involved experimental testing of (50mm)3 spruce block specimens, which possessed relatively 
parallel fibre alignment and contained no visible macro-defects. Compression tests and shear block 
tests were conducted upon single samples at a displacement rate of 2mm.min'1. Compression tests 
were performed parallel to the grain axis, y, and perpendicular to the grain axis in both x and z
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directions. Shear block tests involved exerting a force to impose shearing in the xy, yz and xz 
planes.
The tangent modulus, if taken from the point o f  yield in the compression block tests is 
much higher than the true plastic slope from which a linearly proportional rate o f plastic straining 
can be inferred. Therefore, a second approximation can be made, which inputs a tangent modulus 
that is inferred from the 0.2% proof stress, Figure 2.2.3. A  strain o f  0.2% was chosen to ensure that 
the tangent corresponded with the slope o f the linear portion o f  the plastic zone. This was true for 
each o f the principal axes x, y  and z.
E from yield 
stress





F igu re  2 .2 .3  S tr e ss  v e rsu s  stra in  ch a ra cter istic  sh o w in g  e la s t ic  a n d  y ie ld  p a ra m eters fo r  co m p ress iv e  
lo a d in g  o f  sp r u c e  b lo ck  sp ec im en s .
The bi-linear stress-strain plots input for the compression characteristics o f  wood are 
shown in Figure 2.2.4. Although strain was measured for the compression block tests, the shear 
strains in the shear block tests were not measured and a third approximation was made whereby the 
initial slope o f  the bi-linear plots in the xy , yz  and xz planes follow ed the appropriate shear modulus 
reported by Dinwoodie (2000) until reaching the peak stress o f the tested material, as opposed to 
the required yield stress, in each related plane. The subsequent slopes o f  the bi-linear plots then 
supposed a zero tangent modulus, Figure 2.2.5.
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____________  bi-linear plot in
principal axis, x
____________  bi-linear plot in
principal axis, y




ct^  Yield stress in compression
E/GPa acy/MPa ET/MPa
x 0.5 5.3 30
y 11.6 21.0 345
z 0.9 5.6 25
F ig u re  2 .2 .4  B i-lin e a r  s tr e ss -s tra in  p lo ts  an d  rela ted  v a lu es  fo r  sp ru ce  tim b e r  in  ea ch  p r in c ip a l a x is .
P ,x z
GT,xy = GTyz = GTxz = 0
 bi-linear plot in xy plane
------------ bi-linear plot in yz plane
  bi-linear plot in xz plane
G Shear modulus
Gt Tangent shear modulus
tp Peak shear stress
G/GPa GT/GPa Tp/MPa
xy 0.72 0 11
yz 0.75 0 11
xz 0.039 0 8
Strain
F ig u re  2 .2 .5  B i-lin e a r  str e ss -s tra in  p lo ts  in  sh ea r  and  rela ted  p a r a m e te r s  fro  sp ru ce  tim b e r  in  each  sh ea r  
p la n e  fo r  u se  in  FE ca lc u la tio n s .
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2.2.1.5 LOAD APPLICATION AND BOUNDARY CONDITIONS
Displacement controlled loading was applied to the upper portions o f the nails between the 
spruce segments. The spruce was bound with symmetry about its upper axis as well as being bound 
on the lowest surface below the nails where nodal movement was restricted in every degree o f  
freedom because in reality this surface is free and not loaded. Figure 2.2.6 illustrates the load 
application and boundary conditions.
■ T F T r n r r n
M i li t  jJ .L L .L t  I I 1 w
LI LU  V l L L L u  t^L l^L LJ.L
r mr r r r r r
rauzfnc ain n till. mLi it 
im iijit ajttjiytpt it
r -r r r r r r r r r r r
■i.i i.i 11 j
-UJ-U-Li-lJ
w m-r-rrt-rrrrrrrrr|-
crr n n n m in rrr n t
~ri i fH
L g rrrrr i
■ n rrrrm T n Ji
r t f f r f f f ™
-r-t- y
▲
A  A  A  A  A  A  A  A  A  A  A  A
Where
bound with symmetry in direction of 
arrow along edge length
displacement application along edge 
length in direction of arrow
A  A  A  A  A  A  ' bound with zero degrees of freedom at
each node along edge length
F ig u re  2 .2 .6  L o ad in g  an d  b ou n d ary  c o n d it io n s  fo r  d o u b le  sh ea r  FE m o d el.
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2.2.2 Load-slip characteristics
Figure 2.2.7 shows the load-slip characteristics o f the joint as predicted by the model 
(black dots) as well as for the experimental tests (grey lines). The model predictions cease between 
3.5 and 4m m  slip (the last prediction being left at 3.5mm), as the strain in the spruce is high and 
requires a geometric non-linear input. A redefinition o f geometric non-linearity would enable more 
radical load-slip predictions to be made. Although in most o f  the test cases catastrophic failure 
initially occurs below 3.5mm slip, there are certainly some test specimens that exhibit load-slip 
curves, which surpass 3.5mm slip at fracture. A best-fit curve is fitted to the theoretically predicted 
points and assumes the model predictions follow the form o f a natural logarithm (solid black line). 
An R 2  value o f 0.9618 is noted for the regression fit o f the natural logarithm curve to the predicted 
points. The load (y) is a function o f slip (x), i.e. y  = f(x )  when







y = 5.8121 Ln(x) + 12.268 
R2 = 0.9618
0 2 3 4 5 6 7 81
Slip/mm
Figure 2.2.7 Load-slip curves for the tested  sam ples (in  grey). A  best-fit curve is fitted  to  th e  fin ite elem ent 
prediction  for th e  load-slip  characteristic o f  the tested  jo in t and is represented  by th e black line.
The validity o f  the best-fit curve can be tested statistically. Table 2.2-3 shows values for 
load and slip at the first drop in load for the experimental curves. Taking the values for slip when 
the load first drops as the independent variables, the dependent variables (load) are calculated using 
the equation o f  the best-fit curve. The mean experimental load is calculated as 20kN with a 
standard deviation o f 2.8kN. The mean load predicted by the model at the related slip values,
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18.7kN, is within one standard deviation of the experimental mean. There are 20 sets of data 
because two LVDT displacement transducers were affixed to each sample (10 samples in total).
Sample
code
First drop in 
load/kN
Slip values at first Model predictions for load/kN, based upon best- 
drop in load/mm fit curve using slip values at first drop in load
SI 21 .6 3.0 18.6
SI 21 .6 3.5 19.6
S2 21.5 5.4 22 .0
S2 21 .8 5.2 21.9
S3 17.7 1.4 14.1
S3 17.7 1.8 15.8
S4 22 .6 4.5 21 .0
S4 22 .6 3.3 19.3
S5 22.3 4.4 20 .8
S5 22.3 3.7 19.9
S6 21.1 3.1 18.8
S6 21.1 3.3 19.2
S7 22.4 3.0 18.6
S7 22.4 3.3 19.3
S8 19.9 2.3 17.0
S8 19.9 2 .6 17.8
S9 14.3 1.9 15.9
S9 14.3 1.9 15.9
S10 16.4 2.8 18.3










Table 2.2-3 Experimental results for load and slip tabulated alongside model predictions for the load using 
the equation of the best-fit curve and inputting the independent variables for slip at the first visible drop in 
load (from experimental curves).
If it is assumed that both the experimental data and the theoretical predictions follow a 
normal distribution, a hypothesis can be tested which suggests that any real independent variable 
above zero, when input into the best-fit equation, will yield an average value equal to the 
experimental mean. This hypothesis can be accepted at the 5% level of significance however; the 
hypothesis is rejected at higher levels of significance.
X  — Uy
Tn  ---------- *-j= = 2.076 < tQ 02519 = 2.093; Therefore accept hypothesis at 5% significance level
Sx,„-|/V «
X  - mean of experimental population
Tn - calculated T-test value
fix - mean of predicted population
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Sx,n-] - standard deviation of experimental population
n  - population number
t0.025,19 - t-value from t-tables for a population size of 19 (n -1) at the 0.025 level of
significance
Elastic-plastic finite element analyses have by and large modelled single fastener joints. 
Foschi’s (1974) one-dimensional analysis technique represented the plastic behaviour of timber 
compressing under a nail in one principal axis using a curve following an exponential form. The 
present model defines the plasticity of the wood using bi-linear plots in compression and shear. Bi­
linear plots may be more approximate than a curve of exponential form if used in one direction, 
however, the conjoint effect of bi-linear plots mapped in each principal axis permits respectable 
load-slip predictions. The present two-dimensional model also accounts for the increased axial 
resistance that may develop along the shank of the nail due to increased resistance from the nail 
head, yet movement of the nail head is permitted within the context of the substrate material 
properties. This is not possible with a one-dimensional model.
According to the model predictions, alteration of the penetration depths of the nails does 
not significantly affect the load-slip relationship. Figure 2.2.8 shows the load-slip behaviour of 
joints when the nail head is flush with the spruce and when the penetration depth is 10mm. The 
predictions are somewhat similar and it is suggested that, as long as the full length of the fastener is 
acting within the timber, its position within the timber member is irrelevant. It is likely that once 






+ nail head only penetration 
• nail head penetration 10mm
0 1 2  3
Slip/m m
Figure 2.2 .8  Load-slip points as predicted using the fin ite elem ent m odel for different penetration depths. 
In one instance the nail head is flush with the spruce and in  the other case the nail head penetrates to a 
depth o f 10mm.
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The present two-dimensional model, Figure 2.2.9 (a), accurately predicts the failure mode 
for the nails in the timber, Figure 2.2.9 (b). Figure 2.2.9 illustrates the plastic strains that develop 
parallel to the grain axis and is adjacent to a test sample for the sake o f  visual comparison. Figure 
2.2 .10 shows more clearly the plastic hinges that develop along the shanks o f the nails. Gross 
localised plastic straining parallel to the grain axis is also evident above the upper nail head located 
farthest from the loaded edge. It is plausible to suggest therefore, that timber splitting along the 
grain axis along the plane o f the naiis (refer to Figure 2.1.5) is initiated by the conjoint embedment 
o f the nail head and shank farthest from the loaded edge into the timber.
It is also evident from the plastic strain contour plot o f Figure 2 .2.10 is that the nail farthest 
from the loaded edge strains more (see node maximum, M X) and hence carries more load than the 
nail closest to the loaded edge o f the steel plate. This observation is also noted in a linear elastic 
model developed by Kharouf et al (1998) for two fasteners in a row however, close examination of 
the numerical difference in the present model shows that the load carried by the farthest nail is 
approximately 1.3% higher. Cramer (1968) experimentally determined that decreasing the number 
o f fasteners in a row tends to even out the load sharing between fasteners, as does increasing the 
width o f the timber member. The present two-dimensional model yields results that pertain only to 
the plane o f  a row o f nails and cannot account for the width o f the timber around the nails. 
Therefore, in view o f  Cramer’s important findings, it would be fair to say that the actual load 
sharing difference between nails is lower than the 1.3% value calculated by the model.











SMN = -.007929  
SMX = .002966 
-.0 87929
■ -.07783
■ -.06773  
-.057631
■  -.047531  
I  -.037432
■  -.027332 




F igu re  2 .2 .9  M odel p red ic tio n s  fo r  fa ilu re  m o d es  in  th e  jo in t  a re  a ccu ra te . T h e m o d e l sh o w s th e  
d e v e lo p m en t o f  p la stic  h in g es  in  th e  n a ils  a t th e  in terfa c ia l r eg io n  b e tw e en  th e  s te e l  p la te  and  th e  sp ru ce . 
T he m a x im u m  str a in s  a re  ex er ted  u p o n  th e  n a ils  fa r th est fro m  th e  lo a d ed  e d g e . T he m o d e l sh o w s p la stic  
str a in s .
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maximum
minimum
nail farthest from the loaded edge
nail closest to loaded edge
/
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Figure 2.2.10 A closer view  o f  the plastic hinges that form  in the nails, represented  here by plastic strains 
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U =2.0m m
—  U =2.5m m
Figure 2.2.11 P rogressive stress developm ent in th e spruce tim ber at the nail-spruce interface. The stress is 
calculated according to  von M ises plane stress principles. U is the d isp lacem ent o f  th e plate in  mm.
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Figure 2.2.11 shows the escalating development of stress in the region of nail-spruce 
contact, which arises as the nails progressively embed. The path plot, which describes the length of 
the spruce represented under the nails, excludes the nail tip and the nail head. The stress is 
represented using the von Mises criterion for calculating plane stress. The transition from elastic to 
plastic behaviour in the spruce begins at relatively low displacements (0 .1mm to 0 .2 mm slip). 
Plasticity commences at the steel plate to spruce interface and traverses, at higher displacements, 
along the length of the nails. The distinct change from low to high gradient as one approaches the 
nail ends is indicative of the transition from non-recoverable to recoverable deformation. If the 
slenderness ratios of the nails were changed, the expectation would be that the stress distribution 
would also change so as to represent the changeover from one failure mode to another. In other 
words, high slenderness ratios will tend towards mode m  deformation and low slenderness ratios 
will tend towards mode I deformation (refer to Figure 2.1.8).
The loading conditions ensure that the nails are subjected to high lateral shear forces. 
Figure 2.2.12 illustrates the magnitude and distribution of xy shear stresses for the top and bottom 
edges of each nail at increased displacements. Upon loading, the nails are theoretically acting 
against a thin non-deformable boundary representing the steel plate. In contrast, the lower edges of 
the nails act against larger sections of deformable spruce. The xy shear force, as exerted upon the 
upper edges of the nails, is constrained to a smaller surface area than on the lower edges of the 
nails. The result is a more radical drop in the magnitude of the shear stresses on the upper edges of 
the nails (in contact with steel) than on the lower edges of the nails (in contact with spruce). The 
lower edges of the nails act over a larger surface area and experience shear stress values that drop 
more gradually. The magnitude of xy shear stress is also seen to be higher on the upper edges of the 
nails relative to the lower edges. The displacement is the same on the upper and lower edges. The 
upper edge however, presses against a non-deformable boundary, which signifies the rigid 
movement of a steel plate. On the lower edge, the displacement acts against ‘softer’ spruce sections 
and a further consequence is that the magnitude of xy shear stress is smaller on the lower edges of 
the nails than on the upper edges.
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F igu re  2 .2 .1 2  M a gn itu d e o f  XY sh ea r  s tr e s se s  th at d ev e lo p  a lo n g  th e  u p p er  a n d  lo w e r  fa ces  o f  th e  n a ils . U  is  
th e  d isp la c e m e n t in  m m .
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2.3 The effects of varying the nailing density upon the 
flexural properties of flitch beams
Having ascertained the load carrying capacity of shot fired steel-timber flitch joints, the shot 
firing technique is now applied to the manufacture of composite flitch beams. In particular the 
effects of altering nailing density will be investigated, that is, the optimum number of nails used to 
fasten the composite, as this is still an area of flitch beam technology that remains somewhat 
unclear, Coleman and Hurst (1974). It is in the interest of both optimising the strength of composite 
beams and the cost of firing in nails to determine the outcome of increasing the nailing density.
2.3.1 Materials and manufacture of composite beams
Vertically laminated steel-timber composite flitch beams were manufactured from Kerto S 
laminated veneer lumber (LVL) and mild steel plate. The dimensions of the composite elements are 
presented in Table 2.3-1. The LVL was cut slightly wider than the steel in order to avoid possible 
geometric instability during loading under the rollers in bending.
Material Length/mm Depth/mm Thickness/mm Diameter/mm No. used per beam
Mild steel 1900 100 6 - 1
Kerto S LVL 1900 110 51 - 1
Nails 50 - - 3.6 Variable
Table 2.3-1 Dim ensional properties o f com posite elem ents making up the LVL-steel beams
The three-piece (wood-steel-wood) geometries previously used for joints will now be 
replaced by two-piece (steel-wood) geometries so that the nails can be applied with increased 
precision into the steel plates. Furthermore, LVL shall be used since it has a lower variability in 
mechanical properties as compared with low-grade softwood. Each composite beam comprised a 
single beam of LVL connected to a single steel plate but the steel-LVL composite beams were 
tested in pairs. The composite elements were connected by the shot fired nailing technique and 
accordingly employed 50mm long bainitically hardened nails. These nails were shot through the 
steel plate into the LVL using five different nailing densities (labelled series A-E), which were 
based upon minimum nail spacing guidance for un-drilled nailing as provided in Table 6.3.1.2 of 
EC5. The code rules were modified slightly to fit the dimensions of the beams and did not 
incorporate the suggested modification factor of 0.7 for connecting steel to timber so as to account 
for the potential damage that may occur during shot firing. The spacing guidance from Table 
6.3.1.2, EC5, provides separate values for timber with a density below 420kgm'3 and between 420- 
500kgm*3. The higher value of the two was used in each case. Table 2.3-2 presents the code 
guidance minimum nailing distances, the subsequently modified distances used in testing and the 
maximum spacing distances used in testing.
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Spacing based on EC5 minimum distances
guidance/mm distances/mm used/mm
Between nails // to grain 15d 54 60 240
Between rows of nails to grain 5d 18 25 50
Distance to unloaded end // to grain 15d 54 50 50
Distance to unloaded edge to grain 7d 25.2 25 25
T able  2 .3 -2  E u ro co d e  5 g u id a n ce  fo r  m in im u m  n a ilin g  d is ta n ce s  fo r  u n -d r illed  tim b e r  o f  a d en s ity  b etw een  
4 2 0 -5 0 0 k g m -3  w h er e  d s ig n if ie s  th e  n a il d ia m eter . T he d is ta n c e s  b a sed  u p o n  th is  g u id a n ce  a re  s ligh tly  
d iffe r e n t  fr o m  th e  m in im u m  d is ta n ce s  u sed , w h ich  w e re  m o d ified  to  f it  th e  b ea m  d im e n sio n s , an d  th e  
m a x im u m  d is ta n c e s  u sed  d u rin g  te s tin g  w ere  u sed  in  th e  lo w e st  n a ilin g  s e r ie s .
Shooting the nails through the steel plate into the LVL was done so as to ensure relatively 
precise nailing, as the position o f each o f the composite members relative to the other can be 
clearly seen. This issue is integral for these particular tests, as ensuring precise nail location will 
effectively focus the investigation on the relationships between nailing densities and their effect 
upon the flexural properties o f the composite beams. Series A  comprised the lowest number of 
nails, and the nailing was consecutively increased through series B, C, D and E respectively up to 
the highest allowable nailing density (93 nails) found in series E. Table 2.3-3 provides information 
regarding the numbers o f nails used in each series. Nailing patterns were arranged so as to 
m axim ise the symmetry o f the nailing points through the depth o f the beam in each series, Figure
2.3.1.





E 93 1 0 0





















F igu re  2 .3 .1  S e r ie s  A-E n a ilin g  p attern s
60mm 60mm ! 50mm60mm 60mm
88
Chapter 2 SHOT FIRED STEEL-TIMBER COMPOSITES
2.3.2 Test conditions and specifications
Composite beams were tested in pairs and subjected to four-point bending in accordance 
with BS EN 408 (1995). Figure 2.3.2 (a) shows the cross section arrangement o f the beam pair 
arrangement. It is immediately noticeable that loading the beam pair arrangement could easily lead 
to geometric instability and therefore, keeping this possibility in mind, 1 0 mm thick spacers placed 
between the beams and enveloping stabiliser plates were applied to the beam pair in order to avoid 
twisting, Figure 2.3.2 (b). The spacers were made o f plywood and attached to the beams using a 
firm tape. As the spacers were short in length, comparatively weak and simply taped on, their 
contribution to strength and stiffness is decidedly unlikely. The function o f the spacers was to 
prevent the nail heads from hooking onto one another during testing when the stabiliser plates, each 
comprising a tightened steel sheet, were attached.
Equations 2.3-1 and 2.3-2 represent the composite second moment o f area, Ic, and the 
elastic composite section modulus, Wc, respectively. Wc is an approximated value since it assumes 
that the global composite distance from the beam centroid to the outermost fibres is a linear 
average o f that for the mild steel and the LVL.
F ig u re  2 .3 .2  C ross se c tio n  sc h e m a tic  o f  th e  b eam  p a ir  sh o w in g  th e  a r ra n g em e n t o f  c o m p o s ite  e le m e n ts  and  
th e  n a ilin g  d ir ec tio n . T he d ep th  o f  th e  w o o d  an d  th e  s te e l is  r e p re se n te d  by  t w a n d  I* resp ectiv e ly . T he w id th  
o f  th e  w o o d  an d  th e  s te e l is  r ep resen ted  by  b w an d  b* r esp ectiv ely .
Linear variable differential transformer (LVDT) displacement transducers were used to 
monitor the centre point deflection on each beam in the beam pair. Force was applied at a rate of
r _  bs*s + K *I  
6
E qu ation  2.3-1
t  tw  1
E qu ation  2 .3 -2
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2mm.min'1. Figure 2.3.3 shows a schematic o f the test set-up. The moisture content o f the beams at 
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F ig u re  2 .3 .3  F o u r-p o in t b en d  te s t  se t-u p  ta k in g  a d v ise  fro m  B S EN 4 0 8  1995.
2.3.3 Development of finite element models
2.3 .3.1 BUILDING THE MODELS
Three-dimensional elastic finite element models were developed to further the 
understanding o f flitch beam behaviour. The geometrical com plexity o f  the composite beams, if 
modelled as a whole beam and sufficiently discretised, would easily generate a mesh density that 
would exceed the maximum permissible element count. Therefore, beam segments were modelled 
from the centre point o f a representative beam from each beam pair series, taking advantage of 
symmetry in both the wood and the steel as well as the obvious symmetry in the nailing patterns. 




















F ig u re  2 .3 .4  F ron t v iew  o f  beam  se c tio n s  m o d e lled  fo r  ea ch  s e r ie s  a s  sh o w n  o n  th e  r ig h t s id e  o f  each  
d a sh e d  lin e . T he se c tio n  o n  th e  le ft  h an d  s id e  s ig n if ie s  th e  n a ilin g  p a ttern  sy m m etry  u p o n  w h ich  th e  
se c t io n  s iz e s  w ere  c h o se n . In v erse  sy m m etry  e x is ts  fo r  se r ie s  A.
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The dimensions o f the modelled composite components are provided in Table 2.3-4.
A B C D E
Length/mm 50 50 50 50 50iidllo
Diameter/mm 3.6 3.6 3.6 3.6 3.6
Length/mm 100 100 100 100 60
LVL Depth/mm 110 110 110 110 110
Thickness/mm 51 51 51 51 51
Length/mm 100 100 100 100 60
Steel plate Depth/mm 100 100 100 100 100
Thickness/mm 6 6 6 6 6
T ab le  2 .3 -4  D im e n sio n s  o f  th e  c o m p o site  co m p o n e n ts  fo r  e a ch  m o d e l in  e a ch  se r ie s  ( s e e  F igu re  2 .3 -4 ).
2.3.3.2 DISCRETISATION OF COMPOSITE COMPONENTS
A higher order ten-node three-dimensional structural solid element was chosen to mesh all 
the solid bodies. The element is suitable for meshing com plex and irregular shapes. The element 
has three degrees o f freedom at each node in the direction o f the three principal axes. A 2mm  
elem ent edge length was first applied to the nails, Figure 2.3.5.
F ig u re  2 .3 .5  E xam ple o f  th e  m esh  p a ttern  th a t fo rm  o n  a na il w ith  a n  e le m e n t  e d g e  len g th  o f  2 m m .
Once the nails were meshed, three element divisions were allocated to every element edge 
length for the regions o f the steel plate and LVL directly in contact with the meshed nails. Three 
element divisions were also allocated to the edges o f the steel plate and the LVL, furthermost from 
the contact region with the nails. The resultant mesh density is high in the regions where the LVL 
and the steel plate contact the nails. The mesh density consecutively decreases with increasing 
distance from the nails. A further reduction in the mesh density was achieved by splitting up the
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LVL and steel plate members along the y-axis. This ensured that the mesh density was very low in 
regions where the nails were absent and hence expected to bear less importance with regard to the 
introduction o f localised stresses in the LVL and steel plate. Figure 2.3.6 provides an example o f a 
fully discretised model, in this case, a series D model.
.y
X
F ig u re  2 .3 .6  E xam p le  o f  a  fu lly  d isc r e tise d  m o d el, in  th is  ca se  s e r ie s  D.
Surface to surface contact elements were used to permit sliding between the contacting the 
steel plate and LVL surfaces without separation. Resistance to sliding was defined using a friction 
coefficient o f  0 .6 , chosen as a high value to represent untreated contact surfaces.
2*3‘3*3 MATERIALS PROPERTIES OF THE COMPOSITE COMPONENTS
Table 2.3-5 summarises the elastic properties o f the individual materials involved in the 
analysis. The nails and the steel plate are assumed to be isotropic, i.e.
Ex = Ey = Ez
\)Xy = Dyz = x^z
GXy = Gyz =
The x-axis is parallel to the grain. Materials properties for the LVL are input assuming 
orthotropy however, the elastic modulus and Poisson’s ratios pertaining to the two axes normal to 
the grain direction are equalised, i.e.
Ex ^ Ey = Ez
D xy =  ^  Dyz
The densities for the steel and LVL are 7900kgm'3 and 520kgm'3 respectively.
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Steel LVL
EJ  GPa 2 1 0 12.75
Ey/GPa 2 1 0 0.255




G V  GPa 83 0.620
GyJ  GPa 83 0.620
G jJ  GPa 83 0.620
T ab le  2 .3 -5  M ater ia ls p ro p er tie s  u sed  in  th e  m o d e ls  fo r  s te e l a n d  LVL.
2 .3 .3.4 LOAD APPLICATION AND BOUNDARY CONDITIONS
Figure 2.3.7 shows a schematic o f a beam segment. The left hand side about the line of 
symmetry is not modelled but is included for reasons o f  clarity. Each beam segment for series A-E 
was subjected to nodal displacements parallel to the grain axis on the LVL. Displacements were 
applied through the depth o f the LVL segment to achieve a maximum strain, in both compression 
and tension o f 0.1%. Nodal degrees o f freedom were bound on a plane representative o f the beam’s 
axis o f  symmetry.
I





F ig u re  2 .3 .7  S ch em a tic  illu s tra tio n  o f  th e  lo a d in g  c o n d it io n s  ca u sa tiv e  to  th e  b e n d in g  c h a ra cter istic s  o f  th e  
b ea m  se g m en t. N od a l d isp la ce m en ts  are a p p lied  th ro u g h  th e  d ep th  o f  th e  LVL u n til a m axim um  
c o m p r e ss iv e  stra in , e*, a n d  te n s ile  s tra in , et, o f  0.1% is  a ch ieved .
2.3.4 Analysis of beam pairs under flexion
2.3.4 .1 FAILURE OBSERVATIONS
Beams in each series (A-E) failed initially in compression with micro-buckling in the LVL 
laminates leading to gross buckling. This resulted in compression buckling o f the steel plate 
reinforcement, more notably in the lower density nailing series. Figure 2.3.8 (a) shows gross 
compression buckling o f  the steel plates in a series A beam pair. Smaller compression buckles in 
the steel plates were experienced for the higher density nailing series and are a function o f closing  
in the points o f  connection between the composite members. Catastrophic tensile fracture between 
the central rollers followed the onset o f compression buckling in the LVL. In the lower density 
nailing series (A-C), where the spacing distances are relatively wide, tensile fracture was not seen
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to propagate from nail to nail. In the higher density nailing series (D  and E) however, tensile 
fracture propagated from nail to nail along a path parallel to the grain axis, Figure 2.3.8 (b).
F ig u re  2 .3 .8  (a )  G ross c o m p r ess io n  b u ck lin g  o f  th e  LVL a n d  th e  s te e l p la te  re in fo r ce m en t in  a s e r ie s  A  
b ea m  p a ir  a n d  (b ) fractu re  path  prop agated  h o r izo n ta lly  in  te n s io n  a lo n g  fro m  n a il to  n a il in  th e  h ig h er  
se r ie s  n a ilin g  d e n s it ie s , in  th is  ca se , a  s e r ie s  E b eam .
Figures 2.3.9-13 illustrate the distribution o f normal stresses within the nails for each series 
and are calculated according to the von M ises principle. Three characteristics are immediately 
noticeable. Firstly, high localised normal stresses develop in the nails in the contact region o f the 
steel plate to LVL interface in all cases. Force is transferred from the LVL to the reinforcing plate 
through the nails and high stresses are expected to develop in the nails where the transfer o f force 
from one com posite member to another takes place. Secondly, the highest stresses appear to 
develop between the nail head and the steel plate. This suggests that the onset o f loading causes 
axial motion in the nails, which is in turn resisted by the embedding action o f the nail heads into the 
steel plate (e.g. left hand side nail in Figure 2.3.11). Thirdly, the nails farthest from the beam pair 
neutral axis experience considerably higher normal stresses than the nails located along the neutral 
axis. An immediate reaction would be to dismiss the usefulness o f  the nails placed along the beams 
axis o f  neutrality. However, resistance to vertical shear that develops between the LVL and the 
steel plate in the XY plane upon loading is increased through the presence o f the centrally located 
nails and is shown by example, for series C and D in Figures 2.3.14 and 2.3.15 respectively. In 
series C there are no nails above and below the centrally located nails and in series D  the nail 
located on the beams neutral axis is between two nails located above and below. In both cases, 
there are observable X Y  shear stresses that develop in the nail located at the beam’s neutral axis 
and inevitably XY shear resistance. As a consequence o f resisting vertical shear, there is a 
reduction in the vertical load-slip characteristics o f the plate from the LVL beams and fuller 
com posite action is made possible.
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ANSYS 5 .7 .1  
NODAL SOLUTION
A = . 660E+07 
B = .196E + 08 
C =.3 2  6E+08 
D=. 456E+08 
E = .5 8  6E+Q8 
F = . 716E+08 
G=. 847E+08 
H =.977E +08 
1 = .111E+09
1
F ig u re  2 .3 .9  D is tr ib u tio n  o f  n o rm a l s tr e s se s  w ith in  n a ils  fo r  s e r ie s  A  m o d e l. U n its  a re  in  Pa.
ANSYS 5 .7 .1  
NODAL SOLUTION
I
A = . 7 0 1 E + 0 7  
B = . 209E +08 
C = .3 4 8 E + 0 8  
D =. 48 6E+08 
E = .6 2 5 E + 0 8  
F = .7 6 4 E + 0 8  
G =. 902E +08 
H = .1 0 4 E + 0 9  
1 = . 1 1 8 E + 0 9 M
F ig u re  2 .3 .1 0  D istr ib u tio n  o f  n o rm a l s tr e s se s  w ith in  n a ils  fo r  se r ie s  B m o d e l. U n its  a re  in  Pa.
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ANSYS 5 . 7 . 1  
NODAL SOLUTION
A = . 1 0 4 E + 0 8  
B = . 3 11E +08  
C = . 5 1 8 E + 0 8  
D = . 7 2 5 E + 0 8  
E = . 9 3 3 E + 0 8  
F = . 1 1 4 E + 0 9  
G = . 1 3 5 E + 0 9  
H = .1 5 5 E + 0 9  
1 = . 1 7 6 E + 0 9
F ig u re  2.3.11 D istr ib u tio n  o f  n o rm a l s tr e s se s  w ith in  n a ils  fo r  se r ie s  C m o d e l. U n its  a re  in  Pa.
ANSYS 5 . 7 . 1  
NODAL SOLUTION
A = .1 0 9 E + 0 8  
B = . 3 2 7 E + 0 8  
C = . 5 4 4 E + 0 8  
D = . 7 6 2 E + 0 8  
E = . 9 7 9 E + 0 8  
F = .1 2 0 E + 0 9  
G = . 1 4 1 E + 0 9  
H =. 1 6 3 E + 0 9  
I = .1 8 5 E + 0 9
F igu re  2 .3 .1 2  D is tr ib u tio n  o f  n o rm a l s tr e s se s  w ith in  n a ils  fo r  se r ie s  D m o d e l. U n its  a re  in  Pa.
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V WZ




C=.6 2 1E+08 





1 = .2 11E+09
F ig u re  2 .3 .1 3  D istr ib u tio n  o f  n o rm a l s tr e s se s  w ith in  n a ils  fo r  se r ie s  E m o d e l. U n its  a re  in  Pa.
ANSYS 5 .7 .1  
NODAL SOLUTION
A = -. 118E+08 
B = - . 988E+07 
C =-.795E +07  
D = -. 601E+07 
E = - . 408E+07 
F =-.215E +07  
G =-221122 
H=.171E+07 
1= .3  64E+07
F ig u re  2 .3 .1 4  XY sh ea r  s tr e s s  d istr ib u tio n  w ith in  n a ils  fo r  s e r ie s  C m o d e l. U n its  a re  in  Pa.
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ANSYS 5 .7 .1  
NODAL SOLUTION
A=~.154E+08  
B = -.12  6E+08 
C =-.979E +07  
D = -. 699E+07 
E =-.419E +07  
F=~.139E+07  
G=. 141E+07 
H=.4 2 1E+07 
1 = .701E+07
I
Figure 2 .3.15 XY shear stress d istribution w ithin nails for series D m odel. U nits are in  Pa.
Figure 2.3.16 shows the nails for each series from samples tested to destruction, the LVL 
having been cut away. There are generally no obvious signs o f  distortion in the nails, however 
some nails on the compression side o f the beams have fractured. This could well be a consequence 
o f com pressive buckling although there is no certainty to this claim. The fact that the nails have not 
deformed to any great magnitude at the highest load carrying capacities confirms the applicability 
o f the fasteners in flitch beams. A low degree o f deformation in the fasteners implies a low degree 
o f steel plate slippage from the LVL and therefore, fuller com posite action is possible.
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(e)
F igu re  2 .3 .16  (a ) - (e )  N a ils  in  se r ie s  A-E d o  n o t sh o w  an y  o b v io u s  s ig n s  o f  a n g u la r  d isto r tio n . F ractured  
n a ils  a re  o b ser v e d  o n ly  o n  th e  c o m p r ess io n  s id e  o f  th e  b eam .
2.3*4*2 FLEXURAL PROPERTIES
Table 2.3-6 provides the values for the flexural strength, Gfimax, and the flexural modulus, 
Ef, for every tested beam pair in each series. The flexural modulus is calculated using the Hookean 
principle for the composite stress and strain values in flexure. The flexural strength values are 
calculated according to Equation 2.3-3, which is an equation that has been modified from the 
advised equation in BS EN 408 (1995) to account for the section properties o f the composite beam
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pair arrangement. An elastic section modulus is used as an approximation in Equation 2.3-3 and the 
flexural strength is an averaged global stress for the composite beam components.
aF— __________ max _
/ .m a x  -   Equation 2.3-3
2WC
where
(Jfmax - Flexural strength
a - Distance between bottom roller and loading point
/'max - Maximum applied force
Wc - Elastic composite section modulus (from Equation 2.3-2)
The median values of Ef  and afmax are emboldened in Table 2.3-6. Acknowledging the 
median values for a very small sample set eliminates potentially unrepresentative values if it is 
assumed that the data follows a normal distribution and the median value is central to the 
distribution.
Series Beam Pair E/GPa
1 43.6 114.2
A 2 37.1 110.8
3 35.4 112.5
1 38.6 107.7
B 2 40.0 108.0
3 38.2 108.0
1 38.9 104.2
C 2 31.4 104.7
3 48.3 109.1
1 33.4 100.5
D 2 39.9 102.7
3 46.9 90.4
1 40.1 98.0
E 2 43.3 98.7
3 37.3 100.1
Table 2.3-6 Values for the flexural modulus and flexural strength for all tested beams. Median values in 
each series are in bold.
Figure 2.3.17 is a plot of the median values for Oj:max against Ef. Error bars that are 
incorporated are indicative of the highest and lowest values within each series. A linear best-fit is 
assumed and applied to the points and an R2 value of 0.9554 is yielded for the regression fit of the 
points to the best-fit line. Given that the R2 value is high, it is plausible to claim that (Tftmax decreases 
as a function of increasing Ef, each of which lessens and heightens respectively as a function of 
increasing nailing density. It is however true that E/does not rise significantly as the nailing density 
is increased, which suggests that the composite elements for beams A-E are already joined 
intimately for series A beams. The <jftmax however, does show a decrease as the nailing density
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increases because the propagation o f cracks from nail to nail becomes easier when the nail holes, 





■= 100  (0>
R2  = 0.955495
30 35 40 45 50
Median flexural m odulus values/GPa
F ig u re  2 .3 .17  P lo t  o f  th e  m ed ia n  v a lu es fo r  th e  flex u ra l s tren g th  a g a in st th e  f lex u ra l m o d u lu s. T he range for  
e a ch  s e r ie s  is  in d ic a ted  fo r  both  a x es by th in  d a sh ed  b a rs. T he th ic k  lin ea r  d a sh e d  l in e  is  th e  b est-fit  lin e  
a n d  an  R2 r e g r e s s io n  f it  o f  0 .9 5 5 4  is  ach iev ed .
Steel-timber flitch beams manufactured by Coleman and Hurst (1974) were also tested 
with varying nailing densities inserted into predrilled holes and subjected to an applied moment. 
The trend o f increasing Ef  with decreasing af>max was not reported and indeed, the nailing density 
did not seem  to affect the Ef  or the aftmax significantly. Coleman and Hurst believed that there was a 
lack o f variability in the nailing densities tested and that lower densities should be tested to enlarge 
the total range. The variability o f  nailing densities in the present study is believed to have been 
sufficient to show a trend between Ef  and aftmax that arises as a result o f  increasing the nailing 
density.
Within the elastic range and at equal strain, higher values for the flexural modulus will 
result in higher stresses if  a linearly proportional relationship is assumed. Figures 2.3.18 (a) and (b) 
show two tri-axial plots where on one y-axis, the median Ef  value is plotted against the nailing 
density and on the other y-axis, the FE-calculated normal stresses is plotted as a function o f the 
nailing density. Figure 2.3.18 (a) corresponds to a model that possesses a lower mesh density (i.e. 
coarser mesh) than the model used to obtain results in Figure 2.3.18 (b). A  2mm and 1mm element 
edge length was used to obtain the results presented in Figure 2.3.18 (a) and (b) respectively. The 
stresses calculated by the model are the maximum stresses that occur in the nails when the 
com posite beam segm ents for each series experience the same levels o f  axial strain. These stresses
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are calculated according to von M ises principles. Linear best-fit lines are applied to the Ef  vs. 
nailing density points as well as for the stress vs. nailing density points. An R 2  value o f 0.9182 is 
evident for the Ef  vs. nailing density. The R 2  value for the model stresses vs. nailing density in 
Figure 2.3.18 (a) is 0.91, which is lower than the R 2  value o f 0 .9323 achieved in Figure 2.3.18 (b). 
Finer meshing using smaller element edge lengths on the nails was used for the prediction of 
stresses in Figure 2.3.18 (b) and the result is an R 2  value closer to unity. With increased computer 
power, meshing techniques could be refined further to potentially bring the model stress predictions 
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n a ilin g  d en s ity . An e le m e n t ed g e  len g th  o f  2m m  w a s u sed  to  m e sh  th e  n a ils , (b ) T ri-ax ia l grap h  sh o w in g  E f  
a n d  FE ca lcu la ted  s tr e s se s  o n  y -a x es ea ch  a s a fu n ctio n  o f  th e  n a ilin g  d e n s ity . A n e le m e n t  ed g e  len g th  o f  
im m  w a s u sed  to  m e sh  th e  n a ils .
Hence in conclusion it is clear that the nail head stresses becom e progressively higher, for 
the same level o f strain, as the beam stiffness increases. This is o f course the expected outcome.
102
Chapter 2 SHOT FIRED STEEL-TIMBER COMPOSITES
2.4 Standard flitch beams based on LVL and Sitka spruce 
connected by shot fired nails
It has been shown in section 2.3.4.2 that the nailing density is influential on both the strength 
and stiffness properties of vertically laminated steel-LVL composites. Static and fatigue testing of 
three-piece flitch beams is now reported to demonstrate the potential for upgrading LVL and C16 
softwood.
2.4.1 Materials and manufacture of composite beams
Four steel-timber flitch beams were manufactured, namely three steel-LVL beams and one 
steel-Sitka spruce beam. Of the three steel-LVL beams, each comprised a mild steel plate laminated 
vertically between two sections of LVL. The steel-spruce beam was made up in the same way, 
except the LVL was replaced by Sitka spruce, strength class C16. The dimensions of all the 
composite elements are provided in Table 2.4-1.
Material Length/mm Depth/mm Thickness/mm Diameter/mm No. used/ beam
Mild steel 1900 100 6 - 1
LVL 1900 110 51 - 2
Sitka spruce 1900 110 47 - 2
Nails 90 - - 3.6 47
Table 2.4-1 Dimensional properties of the composite components used to make up the flitch beams.
So as not to show any preferential bias towards either strength or stiffness, the series C 
nailing pattern was used to connect the composite members (refer to series C pattern in Figure 
2.3.1). Nails were fired through one timber section and penetrated through both the steel plate as 
well as the second timber section. The outcome was a timber-steel-timber flitch beam in which one 
timber section retains all the nail heads, whilst the other timber section retains all the nail tips. 
Table 2.4-2 details the nail spacing distances in the timber sections.
Spacing description Distances/mm
Between nails parallel to the grain 120
Between rows of nails perpendicular to the grain 25
Distance to the unloaded edge parallel to the grain 50
Distance to the unloaded edge perpendicular to the grain 30
Table 2.4-2 Spacing distances for the nails incorporated within the timber sections.
Figure 2.4.1 illustrates the cross sectional arrangement for the composite flitch beams and 
Equations 2.4-1 and 2.4-1 describe the second moment of area, /, and the section modulus, W, 
respectively. The transformed second moment of area, /„ and the transformed section modulus, Wt, 
are described by the Equations 2.4-3 and 2.4-4 respectively. The steel plate is transformed to LVL.
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F ig u re  2 .4 .1  C ross se c tio n a l a rra n g em en t o f  th e  m an u fa ctu red  flitc h  b ea m s. T he su b scr ip ts  ‘s ’ an d  ‘w ’ refer  
to  s te e l an d  w o o d  resp ectiv e ly .
, 2 b j j +
1 2
.E quation  2.4-1
w  = 4 / . E quation  2 .4 -2
12
.E quation  2 .4 -3
.E quation  2 .4 -4
where
E - Young’s modulus o f  material
2.4.2 Test conditions and specifications
One steel-LVL flitch beam was subjected to four-point bending as shown in Figure 2.4.2. 
An LVDT displacement transducer was affixed to a crossbar, which itself was attached to the 
crosshead moving the upper rollers, Figure 2.4.3 (a). The LVDT displacement transducer was used 
to monitor the centre point deflection. Axial strain was monitored using three strain gauges, one 
mounted to the compression surface o f the LVL adjacent to the steel plate, one mounted to the 
centre o f  the compression surface o f the LVL and one mounted to the compression surface o f the 
steel plate. The LVL was planed down level with the surface o f  the steel plate so that strain
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discrepancies could be eliminated, Figure 2.4.3 (b). Force was applied at a rate o f  2mm.min ' 1 and 
the beam was tested to destruction.
< - ->
......................... « ......................:\ 6hLVDT W
F/2 18h h = depth F/2
>
F igu re 2 .4 .2  F ou r-p o in t b e n d in g  te s t  se t  up.
(a) (b)
F igu re 2 .4 .3  (a ) P o s it io n  o f  LVDT d isp la ce m en t tra n sd u cer  w ith  r e sp e c t to  th e  cen tra l ro llers , (b ) LVL 
p la n ed  d o w n  h o r izo n ta lly  to  th e  lev e l o f  s te e l fo r  a tta ch m en t o f  s tr a in  g a u g es , o n e  to  th e  s te e l su rfa ce  and  
tw o  to  th e  LVL. LVDT h ea d  is  s itu a te d  o n  th e  u p p erm o st fa ce  o f  th e  LVL.
The peak load achieved by the beam was 44kN. This value was taken as an assumed 
theoretical load carrying capacity and was used to determine cyclic loading conditions for a second 
steel-LVL flitch beam.
Cyclic loading was carried out in the four-point bend test rig shown in Figure 2.4.2 on a 
single LVL-steel-LVL flitch beam at amplitude o f  1Hz. The beam was subjected to 100 000 cycles 
at approximately 25% o f its theoretical load carrying capacity. This was followed by 100 000 
cycles at approximately 50% o f its theoretical load carrying capacity, which in turn was followed  
by 100 000 cycles at 75% o f its theoretical load carrying capacity. The centre point deflection was 
monitored as before, using an LVDT displacement transducer. Long-term cycling was stopped at 
intervals throughout the duration o f cycling and five individual hysteresis loops were captured in 
order to monitor the fatigue response o f the beam throughout the loading history. Table 2.4-3 
summarises the characteristic stresses for each loading scheme.
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T able 2 .4 -3  C h a racter istic  s tr e s se s , cycle  co u n t a n d  a m p litu d e  u sed  fo r  te s ts  a t th ree  d ifferen t lo a d in g  
sc h e m es .
After the cyclic loading schemes were complete, the beam was tested to destruction in 
four-point bending. The third steel-LVL composite beam and the steel-spruce beam were 
subsequently tested to destruction in four-point bending. One un-reinforced beam o f Sitka spruce 
(1900m m  long, 8 6 mm deep and 47mm thick) was also tested in flexion for comparison with the 
upgraded steel-spruce flitch beam. The moisture contents o f the LVL and Sitka spruce were 
approximately 12% and 13% respectively.
2.4.3 Fatigue response of steel-LVL flitch beam
Figure 2.4.4 shows the fatigue response o f the steel-LVL flitch at n cycles at each loading 
range. It is immediately evident that the flexural modulus o f the beam (approximately 20GPa) is 
maintained throughout the loading history. Creep along the strain axis shows the most significant 
leaps in the lowest and highest loading ranges. Between each loading range there is a degree of 
strain recovery and residual straining drops below the highest strains reached in the preceding 
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F igu re 2 .4 .4  H y ste re s is  lo o p s  cap tu red  a t in terv a ls  d u rin g  lo a d in g  a t d iffe re n t  m a g n itu d es o f  lo ad .
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2.4.4 Mechanical properties of flitch beams
Table 2.4-4 summarises the flexural properties of the steel-LVL and steel-spruce flitch 
beams. The percentage enhancement of the reinforced spruce and LVL beams, relative to un­
reinforced spruce and LVL, are also included. For the spruce, the upgraded properties are 
compared with the experimentally determined flexural properties, whereas for the LVL, the 
properties are compared with those published for Kerto S LVL by Ranta-Maunus (1995). For the 
Sitka spruce, the flexural strength and flexural modulus were found to be 38MPa and 7.5GPa 
respectively and for the LVL the characteristic edgewise-flexural strength and flexural modulus are 






LOADING MODE Static Fatigue then static Static Static
Flexural modulus, Ejf GPa 24.3 22.8 23.3 25.0
Percentage difference £/from  un­
reinforced E f +73.6 +62.9 +66.4 +233.3
Flexural strength Of>maJ  MPa 33.0 34.0 36.5 29.6
Percentage difference 0/>max from 
characteristic un-reinforced O f — -35.3 -33.3 -28.4 -22.0
Of,max,transformed (based on transformed 
section)/ MPa 25.4 26.1 28.0 18.6
Percentage difference O fm a x M n tfo m u d  from 
characteristic un-reinforced Oftm ax -50.2 -48.8 -45.1 -51.3
Table 2.4-4 Flexural properties of flitch beams and their upgrading qualities, expressed as percentages of 
variance from un-reinforced C16 softwood and LVL.
The results are evidence for the superior upgrading capabilities of shot fired nailed steel 
flitch plates in respect of the flexural modulus. The vertical reinforcement is far more effective in 
enhancing the flexural modulus of the spruce than it is for the LVL (233% betterment as compared 
with a median value of 6 6 % enhancement in the LVL flitch). This finding agrees with Borgin et al 
(1968) who reported that the increased effectiveness of using steel reinforcements was a result of 
the original low elastic modulus of the timber. It is feasible to believe that this phenomenon is a 
consequence of decreased timber contribution to the composite as the modulus lessens. In other 
words, as the flexural modulus of timber reduces, its contribution to stiffness is also lowered and 
the stiffness relies more on the steel plate than the timber. The result is that the stiffness of the 
composite tends more towards that of the higher modulus steel.
However, following reinforcement of the beams with steel connected by shot fired nails, 
there is also an obvious reduction in the flexural strength of the beams. This corresponds to the 
findings of section 2.3.4.2, which reports that flexural strength decreases as a function of increasing
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nailing density because the number o f introduced defects has increased. Un-reinforced timber does 
not suffer from the increased number o f defects that arise when mechanical fastenings are applied. 
In total, the 47 introduced nail holes in each pattern C flitch beam are most likely to be the cause o f  
premature failure in the timber.
A final point o f note is that the steel-LVL flitch beam (beam 2), upon which fatigue 
stresses had been exerted, shows no significant depreciation in its flexural modulus and strength 
characteristics relative to the un-fatigued steel-LVL beams.
2.4.5 Strain gauge results and the application of laminate theory for 
predicting the stiffness
It was mentioned in 2.4.2 that surface mounted strain gauges were used to monitor the 
axial strain in the composite beam. The strain gauges were attached on the compressive face o f the 
beam to the steel plate, to the LVL adjacent to the steel plate and to the centre o f  the LVL (refer to 
Figure 2.4.3 (b) to see the positions o f  the strain gauges). Monitoring the strain within the elastic 
range demonstrates that the deformation in the steel plate and the LVL occurs together and that the 
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F igu re  2 .4 .5  S tr e ss-s tra in  resu lts  (u s in g  stra in  g a u g es) fo r  a  n a iled  flitch  b ea m  w h ere  th e  ga u g es are  
p o s it io n e d  o n  b o th  th e  s te e l p la te  an d  th e  LVL c o m p r ess io n  su rfa c es .
Harris (1999) reviewed simple design techniques for calculating the elastic properties o f a 
laminated composite. For a simple 0 7 9 0 °  lay up, the laminate is treated as a parallel combination
108
Chapter 2 SHOT FIRED STEEL-TIMBER COMPOSITES
of materials with two different elastic moduli, Ei and E2 respectively, and a rule of mixtures 
approach can be used to calculate the 0° and 90° elastic moduli. For example for a ratio of m layers 
of 0° material and n layers of 90°material,
E(0°) = mEi/(m+n) + nE^m+n)
E(90°) = nEi/(m+n) + mE^m+n).
This simple rule of mixtures approach yields adequate predictions for the elastic response of 
laminated composites and relies on the strain in the different layers being the same. The strain was 
found to be the same for each of the composite materials (refer to Figure 2.4.5) and the predicted 
elastic modulus using this equation is 24.9GPa. Using the plot in Figure 2.4.5, the flexural modulus 
is calculated as 25.6GPa and hence the use of laminate theory to determine the stiffness of nailed 
flitch beams is encouraging.
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2.5 Summary of research findings
2.5.1 Double shear flitch joints
o The load carrying capacity per shear plane for shot fired nailed flitch joints tested in double
shear was calculated as 2.56kN with a standard deviation about the mean of ±0.29kN. This 
was assuming an equal distribution of load between the eight nails used per joint, 
o The joints exhibited ductile characteristics until failure, which was usually mode I (tensile
opening) along the line of nails. The nails developed a single plastic hinge at the steel-spruce 
interface (mode II fastener failure), 
o The mean pointside failure angle was measured as 9.2° with the mean headside angle
measured at 8 .1° respectively in spruce-steel-spruce flitch joints connected by shot fired 
nails.
o The Eurocode 5 mode II equations for predicting the design resistance of timber-steel-timber
joints fastened by mechanical fasteners was modified. The modified equations gave much 
closer predictions to the experimentally determined values than the Eurocode 5 predictions 
and are more suitable for use with high strength fasteners, 
o Non-linear finite element models were used to predict the load-slip characteristics of nailed
spruce-steel-spruce flitch joints. A natural logarithm fit to the FE predictions was found to be 
acceptable for predicting the experimental mean to the 5% level of significance, 
o According to FE predictions, the penetration depths of the fasteners bear little significance to
the overall load carrying capacity of the joint, 
o The model accurately predicted the failure mode of the fasteners and the spruce. Observation
of computationally simulated plastic strain contours suggests that fracture in the spruce 
occurs due to a combination of high localised strains that develop at the nail head and under 
the deforming nail.
o The models predict that the nails farthest from the loaded edge carry higher loads. However,
the load carrying difference between the nails farthest and closest to the loaded edge for two 
nails in a row, having sufficient distance between them, is not significantly high, 
o The magnitude of shear stress that develops in the nails at the steel plate-nail interface are
much higher than those that develop at the spruce-nail interface. This is because the steel 
plate is thinner and is assumed to be a non-deformable structure, whereas the spruce is both 
deformable and has a larger surface area in contact with the nail (i.e. the load is distributed 
across a larger surface area for the spruce than for the steel plate).
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2.5.2 Steel-LVL flitch beams -  nailing density effects
o Steel-LVL flitch beams, using five different nailing densities, were subjected to flexure.
When the nailing density on the compressive faces of the beams was smaller, the 
compressive buckles in the steel were more considerable, 
o Tensile fracture in the higher density nailing series propagated from nail hole to nail hole,
whereas in the lower density nailing series the tensile fracture paths propagated seemingly 
arbitrarily.
o For all beam series, FE models showed that high localised normal stresses develop in the
nails at the steel-LVL interface closest to the outermost fibres of the beams. The nails located 
along the neutral axis experience significantly lower stresses, 
o Shear stresses that develop in the nails at the plate-timber interface are however, relatively
evenly distributed throughout the depth of the beam. The nails located at the neutral axis 
therefore increase resistance to interfacial slip between the composite elements even though 
their resistance to axial normal stress is effectively zero, 
o The flexural modulus cannot be said to increase as a function of increasing nailing density.
This verifies that the contribution of steel to the stiffness of the composite is achieved with 
the lowest nailing density, 
o The flexural strength decreases as a function of increasing nailing density. This is because
the introduction of more nail hole defects makes crack propagation easier when deformation 
is non-recoverable.
2.5.3 Three-piece flitch beams
o Subjecting a three-piece steel-LVL flitch beam to 300 000 flexural cycles (100 000 at 25%
peak load, 100 000 at 50% peak load and 100 000 at 75% peak load) does not lower its 
flexural modulus or strength relative to an equivalent un-fatigued flitch beam, 
o Nailed steel flitch reinforcements enhance the beam flexural modulus more effectively for
lower stiffness woods.
o Nailed steel flitch reinforcements weaken the wood more detrimentally for weaker woods,
o Composite elements in a nailed LVL-steel-LVL flitch beam strain equally within the linear
elastic range.
o Elastic laminate theory closely predicts the flexural modulus of LVL-steel-LVL flitch beams.
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Chapter 3 INTERNALLY REINFORCED LVL
C hapters INTERNALLY REINFORCED LVL
Internally applied reinforcements have the potential for significantly enhancing 
the mechanical performance o f LVL. In chapter 2, LVL exhibited a considerable 
stiffness improvement when reinforced internally with mild steel plate when 
connected by high strength steel nails. Composite members can also be 
adhesively bonded and the adhesive connection method will be thoroughly 
exploited in this chapter. The objectives o f this chapter are; to compare the 
flexural properties of nailed and glued steel-LVL flitch beams, to assess the 
flexural performance of internally reinforced LVL beams using bonded-in plates 
and rods made of mild steel or FRP, to develop a three-dimensional non-linear 
finite element model for use with reinforced LVL composites and to use the 
model to yield further insight into the effects o f reinforcement volume fraction 
on the mechanical properties o f reinforced LVL composites.
3.1 Flexural properties of vertically laminated steel-LVL 
composite beams: a comparison o f adhesively bonded 
and nailed connection techniques
3.1.1 Materials and manufacture of composite beams
Individual steel-LVL composite beams were manufactured by vertically laminating one 
mild steel plate between two sections of Kerto S laminated veneer lumber (LVL). Three beams 
were manufactured at Rotafix Ltd by bonding the composite members together using CB10T slow 
set epoxy adhesive. The mild steel was grit blasted prior to bonding. These bonded beams were 
compared with three equivalent beams, which were manufactured using the shot fired nailing 
technique and examined in Chapter 2 (refer to section 2.4 for full details). The dimensions for the 
bonded composite beam elements are provided in Table 3.1-1.
Material Length/mm Depth/mm Thickness/mm Diameter/mm No. used/ beam
Mild steel 1900 100 6 - 1
LVL 1900 110 51 - 2
Adhesive 1900 110 4 - 2
Table 3.1-1 D im ensions o f d ie com posite com ponents used to make up d ie bonded steel-LVL beam s.
Figure 3.1.1 illustrates the cross sectional arrangement for both nailed and adhesively 
bonded composite beams. The subscripts ,, „ and, refer to the steel, adhesive and LVL respectively. 
Equations 3.1-1 and 3.1-2 describe the methods for calculating the composite second moment of 
area, 7c and the composite section modulus, Wc, respectively and can be used for both the nailed 
and adhesively bonded composites. The superscript, signifies individual laminae which pass
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through the beam’s axis o f neutrality irrespective o f whether the laminate is o f  steel, LVL or 
adhesive. The transformed second moment o f  area and the transformed section modulus for the 
nailed beams, It,nailed and W^ued, as well as for the bonded beams, I,.bonded and Wtbonded, are 
represented by Equations 3.1-3 to 3.1-6 respectively. E  is the elastic modulus.
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F igu re 3.1.1 C ro ss se c tio n a l la y o u t o f  c o m p o site  c o m p o n e n ts  fo r  th e  n a iled  Q eft) a n d  a d h es iv e ly  b on d ed  
(r ig h t) flitch  b ea m s.
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To avoid dimensional instability, the LVL was cut slightly wider than the steel. The steel 
was grit blasted and primed prior to bonding. Although the grit blasting removes iron oxide 
effectively, new oxides form almost instantaneously and the application o f a primer prevents 
excessive formation o f iron oxides and can covalently bond with the adhesive, Brockmann (1983).
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The CB10T slow set is a low modulus two-part epoxy adhesive developed by Rotafix Ltd, which 
has been successfully used in numerous structural composite applications.
3.1.2 Test conditions and specifications
All flitch beams were tested in four-point bending as shown in Figure 3.1.2 and an LVDT  
displacement transducer was affixed to a crossbar, which was connected to the upper roller 
crosshead and thence moved simultaneously with the crosshead. The LVDT displacement 
transducer monitored the centre point deflection while the axial strain in the LVL and in the steel 
was measured using surface mounted strain gauges on the compression face o f the composite 
beam. A  crosshead speed o f 2mm.min ' 1 was used and the beams were loaded to destruction. The 






LVDT I 6 h
t o
F/2 18h h = depth F/2
F ig u re  3 .1 .2  F o u r-p o in t b e n d in g  te s t  se t  up  fo r  a d h es iv e ly  b o n d ed  a n d  n a iled  steel-L V L  flitch  b ea m s.
3.1.3 Flexural properties of adhesively bonded and nailed flitch beams
The flexural strength, afmax, and flexural modulus, £/, for each o f the nailed and adhesively 
bonded flitch beams are shown in Table 3.1-2. The flexural strength and flexural modulus 
enhancement over un-reinforced LVL are calculated from values published for edgewise loaded 
Kerto S LVL by Ranta-Maunus (1995). The characteristic values specified in this publication for 
the edgewise-flexural strength and the flexural modulus are 51M Pa and 14GPa respectively.
The results from Table 3.1-2 clarify that the adhesively bonded flitch beams possess 
considerably better flexural properties than the nailed flitch beams. The flexural modulus 
enhancement can be attributed to the more intimate contact between the steel and LVL than would 
otherwise be achieved with the nailed composite beams. In Chapter 2, it was hypothesised that the 
flexural stiffness o f  nailed steel-LVL composite beams increases as a function o f  increasing the 
nailing density because the interaction between composite elem ents is higher. Similarly it can be 
postulated that the adhesive provides improved interaction between the steel and LVL laminates 
due to the higher surface area in connection and consequently, the steel can function better as a 
stiffening material.
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BONDED FLITCH BEAMS NAILED FLITCH BEAMS 
1 2  3 1 2  3
Flexural modulus, Ejl GPa 38.2 37.1 33.4 24.3 22.8 23.3
Percentage difference E/from un- 
reinforced Ef +172.9 +165.0 +138.6 +73.6 +62.9 +66.4
Flexural stiffness, EH Nmm2 xlO17 4.8 4.6 4.2 2.9 2.7 2.8
Flexural strength Of>mJ  MPa 77.8 73.5 74.3 33.0 34.0 36.5
Percentage difference Of__from
characteristic un-reinforced Oj>max +52.6 +44.2 +45.6 -35.3 -33.3 -28.4
GfyMaxjnuuformtd (based on transformed 
section)/ MPa 49.4 46.6 47.3 25.4 26.1 28.0
Percentage difference afmaxpmMform^  
from characteristic un-reinforced -3.2 -8.6 -7.2 -50.2 -48.8 -45.1
Table 3.1-2 Flexural properties o f adhesively bonded and nailed flitch beams.
The flexural strength, a/imaxt of the nailed flitch is beams lower than un-reinforced LVL and 
this reduction has been considered in section 2.4.4 to be due to the introduction of nail hole defects 
which aid the propagation of cracks in the LVL. Unlike the nailed flitch beams, the adhesively 
bonded beams show a significant rise in strength relative to the un-reinforced LVL and this can be 
attributed to both the absence of introduced defects (as existed in the nailed beams) coupled with 
the higher strength qualities of the mild steel. Indeed, at the higher strain levels of flexion, the steel 
in fact work hardens and provided that neither the LVL fractures, nor does de-bonding or brittle 
adhesive failure take place, the steel consecutively increases its contribution to the strength as 
loading ensues. As the fracture strain of steel in tension is in excess of 20%, the steel never 
fractures before the LVL.
The strengths calculated using the modular ratio technique (transformed section) prove to 
be higher for the adhesively bonded flitch beams than the nailed beams. Transforming the section 
estimates how much equivalent LVL would replace the steel reinforcement and the strength of the 
transformed beam ought to at least equal the strength of un-reinforced LVL (51MPa). In every case 
however, the transformed reinforced beams yield lower strength values than un-reinforced LVL 
and hence confirm the findings of Johns and Lacroix (2000) who reported that the transformed 
section method did not accurately estimate the strength of the reinforced beams. This being said, 
the transformed section strengths calculated for the adhesively bonded flitch beams are much closer 
to the 51MPa strength of LVL than are the nailed flitch beams. The transformed section method 
may perhaps be considered, better suited to flitch beams that are intimately bonded over those 
which are mechanically connected.
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3.2 Internally bonded steel and FRP reinforcements for LVL 
exploiting incongruent geometrical arrangements
Adhesively bonding has been shown in section 3.1 to be a superior short term joining 
technique for improving the flexural properties of LVL under static flexural loading conditions. 
This section aims to compare the effects of different reinforcing materials and their geometric 
arrangements upon the flexural properties of LVL beams.
3.2.1 Materials and manufacture of composite beams
Four different materials were used for reinforcing LVL (Kerto S). These included mild 
steel, pultruded glass fibre reinforced plastic (GFRP), pultruded carbon fibre reinforced plastic 
(CFRP) and pultruded glass fibre reinforced polyurethane (FULCRUM). The steel and the 
pultrusions were in the form of plates and rods. A few properties for each of these reinforcing 
materials are provided in Table 3.2-1. The properties for the mild steel are extracted from BS 4360 
(1986) while the data for the pultruded plates and rods are taken from different Rotafix Technical 
Data Sheets, which have been referenced at the end of the chapter.
MILD STEEL GFRP CFRP FULCRUM
Tensile modulus/  GPa 2 1 0 40 150 45
Compressive modulus/GPa - 30 - -
Flexural modulus/GPa - 45 150 45
Tensile strength/ MPa 430-580 1000 2800 1000
Compressive strength/ MPa - 450 - -
Flexural strength/ MPa - 1000 - 1150
Table 3.2-1 Properties o f reinforcement materials, taken from BS 4360 and Rotafix Technical Data Sheets.
Composite beams were manufactured in four phases (phases I, n, HI and IV) for each of the 
reinforcing materials, Figure 3.2.1. For every beam, CB10T slow set epoxy adhesive was used for 
joining the composite members. Phase I composite beams were full depth flitch beams whereby the 
reinforcing material was vertically laminated between two sections of LVL to a depth of 50mm 
either side of the axis of neutrality. The LVL was cut to 110mm to avoid geometric instability. 
Three phase I flitch beams were manufactured for each of the reinforcement types thus totalling 
twelve phase I beams. Each beam was 1900mm long.
Phase II beams were manufactured by bonding together two LVL sections (1900mm long, 
51mm wide and 110mm deep). A 40mm deep and 12.7mm wide groove was then routed along the 
centre of the beam axis on both the tensile and compressive faces of the beam. 40mm deep 
reinforcements were then slotted and glued into the grooves on either face. Three beams were made 
for each of the types of reinforcement totalling twelve phase II beams.
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PHASE I PHASE II PHASE III PHASE IV
F igu re 3 .2 .1  C o m p o site  b ea m  re in fo r ce m en t c o n fig u r a tio n s  fo r  p h a se s  I, II, III a n d  IV.
Phase III beams were, like phase II beams, initially bonded together as vertically laminated 
LVL sections after which grooves were routed into the tension and compression faces o f the beams 
but this time at a depth o f  20mm and a width o f 12.7mm, with two grooves routed into each face in 
the centre and along the axis o f  each LVL segment. 20mm deep reinforcing plates were then slotted 
and glued into the grooves located on either face. Three beams were manufactured for each o f the 
types o f  reinforcement totalling twelve phase III beams.
Phase IV beams comprised two LVL sections vertically laminated together after which 
grooves were routed into the tension and compression faces using a round ended router. This would 
create a semi circle at the bottom o f each groove. Two grooves were routed into both the tension 
and compression faces o f the LVL beams. Each groove was situated at the centre o f each LVL 
section. Reinforcements were this time inserted and glued into the grooves as circular rods for each 
reinforcement type except for the FULCRUM which was only available as square rods. Three 
beams were made for each o f the types o f  reinforcement totalling tw elve phase IV beams.
The dimensions o f  the reinforcements used were different as a result o f commercial 
availability. The exceptions amongst the reinforcements were the FULCRUM plates, which were 
laminated together using the CB10T slow set epoxy. Phases I and II beams consisted o f  three 
1.2mm thick plates laminated together and phase III FULCRUM  comprised two 1.2mm thick 
plates laminated together. The reinforcing dimensions o f the materials are listed in Table 3.2-2. The 
lengths o f all reinforcements were 1900mm.
Phase I Phase II Phase III Phase IV
Depth Width Depth Width Depth Width Depth
Diameter 
o f Width
/mm /mm /mm /mm /mm /mm /mm
U r  Y f  l U l f l
/mm
STEEL 100 6 40x2 5 20x4 5 - 10
GFRP 100 4 40x2 4 20x4 4 - 10
CFRP 100 1.5 40x2 1.5 20x4 1.5 - 10
FULCRUM 100 1.2x3 40x2 1.2x3 20x4 1.2x2 10 10
T able 3 .2 -2  B a sic  r e in fo r ce m en t d im e n sio n s  u sed  fo r  e a ch  r e in fo r ce m en t ty p e  in  e a ch  t e s t  p h a se .
Different surface treatments were administered to the reinforcements prior to gluing. The 
mild steel was grit blasted to SA 2.5 using guidance in SIS 055900 (1967) and coated with a 
primer, CFRP plates were covered by a protective peel ply layer that was removed before gluing,
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the GFRP surface was abraded using sodium carbonate abrasive and the FULCRUM material was 
left untreated as it had an inherently rough surface. The choice and designation o f  surface pre- 
treatments was based upon the advice and experience o f  the adhesive manufacturer (Rotafix Ltd).
3.2.2 Section properties of phases I-IV composite beams
The cross section arrangements for phase I com posite beams are illustrated in Figure 3.2.2. b 
and t are the cross section widths and depths respectively and the subscripts r, a, and w refer to the 
reinforcement, the adhesive and the wood respectively. The second moment o f  area, 7/>c, and the 
section modulus, Wlx, can be calculated using Equations 3.2-1 and 3.2-2 respectively. The 
transformed second moment o f area for phase I beams, //,„ and the transformed section modulus, 
W /h are calculated using Equations 3.2-3 and 3.2-4 respectively. The neutral axis, NA , is presumed 
to be centrally located.
/  - V  
u  2 .  12 .E quation  3.2-1
= I .E quation  3 .2 -2
6
1------ Er bA















.E quation  3 .2 -3
.E quation  3 .2 -4
1 0 0 m m
1 1 0 m m
51m m
F ig u re  3 .2 .2  C ross se c tio n  co n fig u ra tio n  o f  p h a se  I c o m p o s ite  b e a m s. H ie  su b scr ip ts  r, ■, a n d  w refer  to  th e  
re in fo r ce m en t, th e  a d h es iv e  an d  th e  w o o d  resp ectiv e ly .
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The cross section layout o f phase II composite beams is shown in Figure 3.2.3. The 
com posite second moment o f area, 7//>c, and the composite section modulus, W//>c, are represented 







twj ,  1 1 0 mm
<r
ba
bw, 1 , 44.65m m
br
F ig u re  3 -2*3 C ross se c tio n  co n fig u ra tio n  o f  p h a se  II c o m p o site  b e a m s. T h e su b scr ip ts  r, ■, w,i an d  W|t refer  to  
th e  re in fo r ce m en t, th e  a d h es iv e , th e  w o o d  su rr o u n d in g  th e  ro u ted  g r o o v es  a n d  th e  w o o d  ly in g  vertica lly  
b e tw e e n  th e  ro u ted  g r o o v es  resp ectiv e ly .
/  = M -".c 12 .E quation  3 .2 -5
.E q u ation  3 .2 -6
where
bc =  when the subscript, is representative o f  r, a, wj  and Wi2, and tc = tw l .
/
As the reinforcement and the adhesive are now located outside the composite neutral axis, 
NA , the transformed second moment o f area, ///,„ and the transformed section modulus, W//„ are 
calculated using the parallel axis theorem, Equation 3.2-7.





area o f  an element
vertical distance o f the local centroid o f an element from N A  
local elemental second moment o f  area
b r
and i =  where the su b scr ip tis  representative o f r, a, wj  and w>2.
1 2 0
Chapter 3 INTERNALLY REINFORCED LVL
As y  =  0  in phase II, for elements passing through and symmetrical about the composite 
neutral axis, NA , Equation 3.2-7 expands to Equation 3.2-8.
II,NA
^  bw 2tWi2




Iiu and Wiij are thus presented in Equations 3.2-9 and 3.2-10 respectively.
.E quation  3 .2 -8
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h  t 3 h  t 3




.E quation  3 .2 -9
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2/ ll,t
.E q u ation  3 .2 -10
H»,l
A similar procedure allows the calculation o f phase III beams the cross section for which is 
illustrated in Figure 3.2.4. The composite second moment o f  area, 7///>c, and the composite section 
modulus, Wui'C, are calculated according to Equations 3.2-11 and 3.2-12.
b Wii, 19 .15m m  2 b wj  
<— > <  >
N A "
tn. 2 0 m m
bW2 , 12.7mm
51 mm
tw,2 i 70m m
a 2 0 m m
19.15m m
twj y 1 1 0 m m
F ig u re  3*2.4 C ross se c tio n  co n fig u ra tio n  o f  p h a se  III c o m p o site  b e a m s. T h e su b scr ip ts  r,  a ,  w ,i an d  w,a refer  to  
th e  re in fo r ce m en t, th e  a d h es iv e , th e  w o o d  su rro u n d in g  th e  ro u ted  g r o o v es  a n d  th e  w o o d  ly in g  vertica lly  
b e tw e en  th e  ro u ted  g r o o v es  resp ectiv e ly .
/  J
" l c  12
",c  6
.E quation  3.2-11
E qu ation  3 .2-12
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where
bc =  y^ b i when the subscript, is representative o f  r, a, w>] and Wi2, and t c -  t w l .
The transformed second moment o f area, ////,„ and the transformed section modulus, Wmyh 
are represented in Equations 3.2-13 and 3.2-14 respectively.
1111,t ~
h  t 3 h  t 3
1 . w ,2 w ,2-------  1----------- 1-1!-}IR J Z ^ + Z ' A -R Z V + Z * .E q u ation  3.2-13
2 1 lll,t
.E quation  3 .2-14
The cross section schematic for phase IV beams is illustrated in Figure 3.2.5. The 
composite second moment o f  area, 7/v;c, and the composite section modulus, W!ViC, are calculated 
according to Equations 3.2-15 and 3.2-16.
/  = * £IV.c j 2  • .E quation  3.2-15
E qu ation  3 .2-16
where
K  = 4 i w,, + 2 * » . 2  and t c
N A “
Of lO m m ^Jj1 d ft i \16m m
A
tw,2 » 7 8 m m
M-------j.
51mm
i t □| 16m m v ............ (
1 0  mm 
<=----->
2
bw,ly 17 .5 m m
tw>i , 1 1 0 m m
b(h bwt2 i 16m m
F igu re 3 .2 .5  C ross se c tio n  co n fig u ra tio n  o f  p h a se  IV c o m p o site  b e a m s. T lie  su b scr ip ts  r, a, «,i a n d  „,a refer  to  
th e  re in fo r ce m en t, th e  a d h es iv e , th e  w o o d  su rr o u n d in g  th e  r o u te d  g r o o v es  a n d  th e  w o o d  ly in g  vertica lly  
b e tw e en  th e  ro u ted  g r o o v es  resp ectiv ely .
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In calculating the transformed second moment of area, //y,„ and the transformed section 
modulus, WlVj, simple geometric approximations have been applied. The adhesive boundary around 
the reinforcement is approximated to a hollow circle with an inner radius of 10mm and an outer 
radius of 16mm. Also, the LVL between the routed grooves is given the inexact depth of 78mm 
and thus ignores the small quantities of LVL that follow the semi-circular grooves around and 
across the width bw 2- Applying these approximations avoids second moment of area equations that 
become cumbersome to use and as the quantities of transformed adhesive and LVL are very small, 
the approximations should not have any significant effects on the calculations. hv,t and Wwj are 
therefore represented by Equations 3.2-17 and 3.2-18.
.Equation 3.2-18
7zd th mi
When i for the adhesive i s    and for the reinforcement i s ------
8  64
where
d  - diameter of outer edge of element
th - wall thickness of hollow cylinder
An exception to the rule is made for the FULCRUM reinforcement, which was only 
available as a square section rod but which was inserted into a circular bottom groove. For the case 
of FULCRUM, the local second moment of area for the adhesive is calculated as ml4/64 less the 
local second moment of area for the reinforcement, which is itself calculated as bt3/ 1 2 .
3.2.3 Test conditions and specifications
Composite beams were subjected to loading under conditions of four-point bending at a 
crosshead rate of 2mm.min'1. The beams were tested under service class 2 conditions and the LVL 
retained a moisture content of approximately 12%. An LVDT displacement transducer attached to 
the moving crosshead was used to monitor the centre point deflection. Figure 3.2.6 shows a 
schematic of the loading scheme.
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LVDT
F igu re 3 .2 .6  S ch em a tic  o f  fo u r -p o in t b e n d in g  te s t  s e t  up .
3.2.4 Failure observations
Failure analysis is routinely reported in the literature from an externally observed viewpoint. 
For structural composites where the reinforcement is externally applied, this aspect is perfectly 
logical because the reinforcement-adhesive-timber interaction is most apparent at the outermost 
fibres o f bending beams. Phase I-IV beams are however, all internally reinforced and although the 
exterior o f the LVL is as important during failure as is the interior, greater insight into the failure 
mechanisms can be gained through an internal view  o f failure. Internally, the interfacial regions 
between the reinforcement, the adhesive and the LVL are experiencing significant levels o f force 
transfer and the intimacy and efficiency o f  the bonding are perhaps paramount in their implications 
towards ultimate failure.
3.2.4.1 FAILURE MODES OF STEEL-LVL COMPOSITE BEAMS
Failure in the phase I steel-LVL composite beams initiated on the compressive face with 
the onset o f  visible buckling in the LVL, Figure 3.2.7 (a). This phenomenon can be related to the 
low yield strain o f mild steel, which once surpassed, permits greater axial movement in the LVL. 
As the yield strength o f LVL is less in compression than it is in tension, compressive face buckling 
was the natural primary occurrence after which, catastrophic tensile fracture was observed to 
follow , Figure 3.2.7 (b).
m M H W
compressive buckling
F ig u re  3 .2 .7  (a ) c o m p r ess io n  fa ce  b u ck lin g  in  a  p h a se  I b ea m  w a s fo llo w e d  b y  (b ) ca ta stro p h ic  te n s ile  
fra ctu re  b e tw e en  th e  c en tra l ro llers .
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Cutting top to bottom through the cross section o f a fractured phase I steel-LVL beam 
shows that the fracture on the tensile face appears to traverse the LVL not crossing the axis o f  
neutrality. A  fracture line is also observable adjacent to and alongside the reinforcing steel which 
does not propagate into the adhesive itself. Figure 3.2.8 shows an internal view o f a phase I steel- 
LVL composite beam and highlights the fracture paths with solid blue lines.
F igu re 3 .2 .8  In tern a l c ro ss  se c tio n  v iew  o f  fra ctu re  in  a  p h a se  I steel-L V L  c o m p o s ite  b eam .
As with the phase I steel-LVL composite beams, phase II steel-LVL beams experienced 
compressive buckling in the LVL, which was consecutively follow ed by tensile fracture between 
the central rollers. Unlike the phase I steel-LVL beams however, the phase II steel-LVL beams 
suffered steel-adhesive interfacial de-bonding on the tensile face o f  the beam.
A consequence o f steel-adhesive de-bonding is that the steel loses effectiveness as a 
reinforcement in the places where it has separated from the adhesive. Furthermore, interfacial slip 
results and differential strain is likely to arise across the width o f the beam. It is not known at what 
point the de-bonding occurred and knowledge o f this could be useful in understanding the 
reliability o f  the composite as a load retaining medium beyond the proportional limit. A fractured 
cross section profile for a phase II beam is shown in Figure 3.2.9, in this particular case there is no 
observed de-bond and the solid blue lines highlight the fracture paths.
Phase III steel-LVL composite beams, similarly to phase I and II beams, experienced 
compressive face buckling in the LVL. This was followed by vertical cracks almost reaching the 
neutral axis from the tensile face up, which occurred between the central rollers. These cracks 
subsequently led to horizontal shear failure in the LVL. Long cracks along the longitudinal beam 
axis propagated in the LVL on the tensile face parallel and adjacent to the glueline. Interfacial de­
bonding was observed between the steel and the adhesive. Figure 3.2.10 shows a cut through cross 
section o f  a phase III beam where fracture paths are highlighted in blue. It is perfectly plausible that
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crack propagation initiates from a steel-adhesive interfacial de-bond. A  crack propagating through 
the LVL is more likely to follow a weaker path through the LVL than to lead into undamaged 
adhesive. Rather, a crack initiated from a steel-adhesive de-bond may traverse through the adhesive 
until it reaches an easier and weaker path in the LVL. In Figure 3.2.10, it seems as though the steel- 
LVL de-bond leads out o f  the adhesive into the LVL after which the crack propagates through the 
LVL over the adjacent tensile reinforcement.
F igu re  3 .2 .9  In ter n a l c r o s s  se c tio n  v iew  o f  fra ctu re  in  a p h a se  II steel-L V L  c o m p o s ite  b ea m .
Horizontal portions are radial- 
longitudinal splits in the LVL
F ig u re  3 .2 .1 0  In tern a l c r o s s  se c tio n  v iew  o f  fra ctu re  in  a p h a se  III steel-L V L  c o m p o site  b ea m .
So far, phase I-III steel-LVL composite beams have been observed to fracture in the 
locality o f  moment curvature. Phase IV steel-LVL composite beams fractured directly underneath 
the upper rollers where shear characteristics convert to a pure bending moment. Vertical tension
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fractures as well as gross vertical compression buckles would meet at the axis o f  neutrality after 
which fracture would take a horizontal path in shear. Other vertical cracks appeared outside the 
upper rollers where shear characteristics dominate. Smaller com pressive buckles were also 
observed on the upper face o f the LVL. Axial fracture ran adjacent and parallel to the gluelines 
along the length o f  the LVL without traversing into the adhesive. Figure 3.2.11 shows a cross 
section cut through the beam at a vertical fracture line in a phase IV steel-LVL beam. The 
horizontal shear fracture is discernible and a closer examination elucidates the relationship between 
the horizontal shear lines and a vertical fracture line established on the lower face o f  the beam. 
Solid blue lines indicate the fracture paths.
F igu re 3.2.11 In tern a l c ro ss  se c tio n  v iew  o f  fra ctu re  in  a  p h a se  IV steel-L V L  c o m p o s ite  b ea m .
3.2.4.2 FAILURE MODES OF CFRP-LVL COMPOSITE BEAMS
Failure in phase I CFRP-LVL composite beams was generally seen to initiate on the tensile 
face. Axial fracture on the tensile face was noted as propagating in the LVL adjacent to and parallel 
to the adhesive. Compression face buckling o f the LVL was not observed for any o f the beams nor 
was de-bonding noticed between the CFRP-adhesive and adhesive-LVL interfaces. Figure 3.2.12  
shows a cut through cross section o f a phase I CFRP-LVL com posite beam.
Phase II CFRP-LVL composite beams experienced com pressive face buckling and 
fractured subsequently on the tensile face between the inner rollers. CFRP-adhesive de-bonding 
was noticed, as was delaminating o f the CFRP reinforcement. Figure 3.2.13 (a) shows an SEM  
image o f  carbon fibres tom away from the bulk o f the CFRP reinforcement while still attached to 
the surface o f the de-bonded adhesive face. A  likely consequence o f reinforcement delamination is 
also damage to the carbon fibres within the reinforcement matrix. Figure 3.2.13 (b) shows the end 
portion o f a broken carbon fibre, which has most likely fractured through the process o f
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reinforcement delamination. Figure 3.2.14 shows a phase II CFRP-LVL beam, which has fractured 
on the tensile face.
F igu re 3 .2 .1 2  In tern a l c r o s s  se c tio n  v iew  o f  fra ctu re  in  a  p h a se  I CFRP-LVL c o m p o site  b ea m .
F igu re 3 .2 .1 3  (a ) carb on  fib res  t o m  aw ay fro m  CFRP re in fo r ce m en t a n d  a tta ch ed  to  a d h es iv e  w h ich  h a s  
i t s e lf  d e -b o n d ed  (b ) en d  o f  a  carb on  fib re, w h ich  h a s  b e e n  fra ctu red  d u rin g  r e in fo r ce m en t d e la m in a tio n .
C F R P - a d h e s i v e  d e - b o n d  and C F R P  d e l a m i n a t i o n
F igu re  3 .2 .1 4  In tern a l c ro ss  se c tio n  v iew  o f  fra ctu re  in  a  p h a se  II CFRP-LVL c o m p o site  b ea m .
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Phase III CFRP-LVL composite beams exhibited diversity in their modes o f  failure. In one 
instance, tensile fracture began in the region o f peak bending moment along the beam axis, in a 
second instance, vertical fracture occurred below an inner roller, which led to horizontal shear at 
the level o f  the neutral axis and in the third instance, two vertical cracks leading in from the tensile 
face and located between the inner rollers were the cause o f  failure. Again, these cracks did not 
propagate beyond the axis o f  neutrality. Figure 3.2.15 shows a cross section cut through a vertical 
crack. As the crack is vertical, it is difficult to make out any fractures that occur through the cross 
section in the radial-tangential plane.
F igu re 3 .2 .15  In tern a l c r o s s  se c tio n  v iew  o f  a  fa iled  p h a se  III CFRP-LVL c o m p o site  b ea m .
Phase IV CFRP-LVL composite beams failed with full depth vertical and lengthy axial 
fracture lines between the inner rollers. CFRP rods on the com pressive faces buckled violently and 
interfacial de-bonding was noted at the CFRP-adhesive interface. Figure 3.2.16 (a) shows an 
example o f  the compression face failure o f the CFRP rods while Figure 3.2.16 (b) shows gross 
distortion o f  tension reinforcements taken marginally after catastrophic failure. A s with the phase 
III CFRP-LVL beams, vertically fractured sections cut through at the fracture line showed very 
little. However, an axial adhesive fracture alongside CFRP-adhesive de-bonding is evident on the 
compressive face o f a CFRP-LVL beam, Figure 3.2.17, and is illustrated by a solid blue line.
F igu re  3 .2 .1 6  (a )  fra ctu re  in  c o m p r ess io n  o f  CFRP rod  (b ) g r o ss  d is to r t io n  o f  te n s io n  re in fo r ce m en ts  as  
w ell a s  se v e re  LVL a n d  a d h es iv e  fra ctu re .
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F igu re 3 .2 .17  In tern a l c ro ss  se c tio n  v iew  o f  fra ctu re  in  a  p h a se  IV CFRP-LVL c o m p o site  b eam .
3.2.4.3 FAILURE MODES OF GFRP-LVL COMPOSITE BEAMS
GFRP-adhesive interfacial de-bonding on the tensile face was observed for beams from 
phases I-UI. Such de-bonding is believed to initiate larger scale fracture within the LVL where the 
crack path abandons the adhesive to find easier fracture paths in the LVL.
All phase I-III GFRP-LVL beams experienced higher levels o f  compressive face buckling 
in the LVL than the CFRP-LVL composite beams. Tensile fracture in the GFRP-LVL beams 
occurred in the region o f highest moment curvature and phase III beams tended to fail under the 
inner rollers at the transition from vertical shear to moment curvature. Figures 3.2.18-3.2.20 show  
sawn through cross sections o f failed phase I-III composite beams respectively. Optically identified 
fracture paths are highlighted by solid blue lines.
Unlike phases I-III GFRP-LVL beams, phase IV GFRP-LVL com posite beams did not 
show any signs o f  de-bonding between the reinforcement and the adhesive. Compressive face 
buckling o f  the LVL did however occur similarly to the phase I-III beams. Tensile fracture in the 
LVL followed compressive face buckling. Figure 3.2.21 shows the cross section o f a failed phase 
IV GFRP-LVL beam.
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F igu re 3 .2 .1 8  In tern a l c ro ss  se c tio n  v iew  o f  fra ctu re  in  a  p h a se  I GFRP-LVL c o m p o s ite  b eam .
F igu re  3 .2 .1 9  In tern a l c ro ss  se c tio n  v iew  o f  fra ctu re  in  a  p h a se  II GFRP-LVL c o m p o site  b eam .
131
Chapter 3 INTERNALLY REINFORCED LVL
F igu re  3 .2 .2 0  In tern a l c r o s s  se c tio n  v iew  o f  fra ctu re  in  a p h a se  III GFRP-LVL c o m p o site  b ea m .
F igu re  3 .2 .21  In tern a l c ro ss  se c tio n  v iew  o f  fra ctu re  in  a  p h a se  IV GFRP-LVL c o m p o site  b ea m .
3 .2 .4 .4  FAILURE M ODES OF FULCRUM-LVL COMPOSITE BEAMS
N o de-bonding was observed in phase I and II FULCRUM -LVL com posite beams. Rather, 
fracture follow ed a vertical path in the LVL adjacent and parallel to the adhesive whereupon the 
fracture path traversed across the width o f  the LVL. Figures 3.2.22 and 3.2.23 show this
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phenomenon well with cut through cross section profiles o f fractured phase I and II FULCRUM- 
LVL beams respectively.
F igu re 3 .2 .2 2  In tern a l c ro ss  se c tio n  v iew  o f  fra ctu re  in  a p h a se  I FULCRUM -LVL c o m p o site  b eam .
F igu re  3 .2 .2 3  In tern a l c ro ss  se c tio n  v iew  o f  fra ctu re  in  a  p h a se  II FULCRUM -LVL c o m p o site  b eam .
Phase III FULCRUM-LVL composite beams did experience de-laminating o f the 
FULCRUM composite on the tensile face, which subsequently led to fracture in the adhesive. The 
failure o f  the reinforcement in this instance was probably because less reinforcement was used than 
in phase I and II configurations. Figure 3.2.24 exhibits a cross sectional fracture profile o f a failed
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phase III FULCRUM -LVL composite beam. Phase IV FULCRUM -LVL beams showed no 
evidence o f  adhesive-reinforcement interfacial failure and fracture paths developed in the LVL on 
the tensile face adjacent to the adhesive and running longitudinally along the length o f the beam 
axis. Figure 3.2.25 shows a cross section fracture profile o f a failed phase IV FULCRUM-LVL  
beam.
F igu re 3 .2 .2 4  In tern a l c r o s s  se c tio n  v iew  o f  fra ctu re  in  a  p h a se  III FULCRUM -LVL c o m p o site  beam .
F igu re  3 .2 .2 5  In tern a l c ro ss  se c tio n  v iew  o f  fra ctu re  in  a  p h a se  IV FULCRUM -LVL c o m p o site  b eam .
3 .2 .4  5  SUM M ARISING THE M ECHANISM S OF FAILURE
Diverse and dramatic failure modes have been described for composite beams with 
different reinforcing materials and geometries in the preceding sections 3.2.3.1 to 3.2.3.4. Phase I
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beams from all series showed the highest resistance to failure through de-bonding. The lower area 
fraction of vertically laminating reinforcement in phase II and phase m  beams resulted in a 
lowered resistance to interfacial de-bonding, which consequently led to LVL failure. Utilisation of 
the reinforcement to its full potential requires effective interfacial adhesion between the composite 
elements, with failure being preferentially initiated in the LVL. Reinforcement-adhesive de­
bonding suggests that the reinforcement is not fully contributing its strength to the overall strength 
of the composite as the energy stored within the composite system upon loading is released 
prematurely with the onset of de-bonding. De-bonding can be considered a function of both the 
strength of adhesion at the reinforcement surface as well as the difference between the stiffness of 
the composite elements. The strength of adhesion is itself a function of the type and mechanism of 
bonding. Higher modulus reinforcements will resist global movement in the LVL and adhesive to a 
greater extent than lower modulus reinforcements. This can result in the development of high 
localised interfacial stresses, which may cause interfacial failure. De-bonding observed at the steel- 
adhesive interface and at the CFRP-adhesive interface could perhaps be explained as being a result 
of combining dissimilar materials with extremely contrasting stiffness properties. To the contrary, 
the GFRP is much less stiff than both the steel and the CFRP reinforcements, and the premature de­
bonding could be attributed to a weak bond, which is likely to be a consequence of the 
manufacturing process. The pultruded GFRP is drawn through a die to yield unidirectional fibres 
however, the upper surface of the GFRP is comprised of randomly oriented fibres in a matrix, 
which contain waxy substances that aid the pultrusion process. Although mechanical roughening of 
the GFRP is administered as a pre-treatment, it is not sufficient in removing the waxy surface layer 
and the bonding is relatively poor at the GFRP interface. The FULRCUM reinforcement exhibited 
superior adhesion qualities relative to the other reinforcements. De-bonding was observed in only 
the phase m  beams, which had the lowest area fraction of the vertically laminating reinforcement 
series as well as the least number of laminates to make up the reinforcement.
It appears as though the geometry of the phase IV reinforcements resulted in the least 
interfacial failures between the reinforcements and the adhesive. Although the surface area fraction 
is the lowest in the phase IV composites, de-bonding was only witnessed once on the compressive 
face of a CFRP reinforced composite, refer to Figure 3.2.17. Vertical interfacial shear between the 
adhesive and the reinforcement is the most damaging to vertically laminated composites because 
the surface areas exposed to this type of shearing are large. For the rod reinforcements, vertical 
shear exists to a much lesser extent as the geometry of the reinforcement is such that vertical shear 
stresses are not excessive.
Examination of the cross sections of fracture paths in the composite beams shows that 
cracks propagating in a particular direction through the LVL and towards the adhesive- 
reinforcement components can be redirected in a different direction by the presence of the adhesive 
line separating the LVL from the reinforcement. Halstrdm and Grenestedt (1997) have reported that
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the stress intensity o f  cracks is considerably reduced by the presence o f  fibre-reinforced composite 
material and hence the reinforcement restricts crack growth. In the case o f the reinforced LVL  
beams, the adhesive acts as the crack stopping material and the fracture path finds an easier route 
around the adhesive-reinforcement insert than it otherwise would if  passing through the LVL alone.
Finally, although de-bonding has been observed between the reinforcement and adhesive, 
in the majority o f  cases, this did not lead to explosive splaying o f  the reinforcement. This 
phenomenon is observed for internally reinforced timber com posites and is in contrast to the gross 
separations often observed with external reinforcements laminated horizontally on the surface o f 
the timber, e.g. Johns and Lacroix (2000). Essentially, tensile load stores more strain energy at the 
surface and the composite (especially carbon) explodes on fracture. Rods bonded internally are 
strained less.
3.2.5 Flexural properties of composite beams
3 .2 .5 .1  FLEXURAL M ODULUS
The median flexural modulus values for all tested beams are plotted in Figure 3.2.26 with 
error bars indicating the upper and lower boundaries o f  the sample range. Figure 3.2.26 includes an 
accompanying table, which shows the individual flexural modulus values as well as their 
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F igu re  3 .2 .2 6  M ed ian  flex u ra l m o d u lu s  v a lu es  fo r  p h a se  I-IV b e a m s w ith  e rro r  b a r s  in d ica tin g  th e  up per  
a n d  lo w e r  ra n g es . T he flex u ra l m o d u lu s  v a lu es  fo r  ea ch  b eam  a re  a lso  g iv en  in  a n  a cco m p a n y in g  ta b le  w ith  
p ercen ta g e  d iffe re n c es  fro m  u n re in fo rced  LVL (14G Pa).
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The median flexural modulus values are also plotted as a function o f reinforcement volume 
fraction indicating the upper and lower bounds with error bars, Figure 3.2.27. Examination of 
Figures 3.2.26 and 3.2.27 demonstrate that the flexural modulus is unaffected by the volume 
fraction o f  the reinforcement and yet appear to be somewhat influenced by the geometrical location 
o f the reinforcements. Lower volume fractions o f reinforcing material are often seen to do almost 
as well if  not better than higher volume fractions o f  reinforcement. Reinforcements located at the 
outermost fibres o f  a bending beam will enhance the stiffness as there is more reinforcing material 
resisting tensile and compressive forces acting along the beam axis. A s the reinforcement moves 
away from the outermost fibres and towards the axis o f  neutrality, the stiffening effect o f the 
reinforcement becomes progressively reduced until it is ineffectual at the neutral axis. This is why 
beams reinforced with full depth vertical laminates have higher volumes fractions yet do not 
necessarily have proportionally larger values for the flexural modulus. Likewise, beams reinforced 
with lower volume fractions o f  reinforcement may do almost as w ell, if  not better, because the 
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F igu re  3 .2 .2 7  F lexu ra l m o d u lu s  fo r  ea ch  r e in fo r ce m en t typ e  p lo tte d  a s  a  fu n c tio n  o f  th e  re in fo rcem en t  
v o lu m e  fra ctio n .
137
Chapter 3 INTERNALLY REINFORCED LVL
Negative deviations from unreinforced LVL values are noted in phase HI GFRP and 
FULCRUM reinforced LVL composites. The curing time for CB10TSS under service class 2 
conditions is 11 days, at which point it is believed that sufficient cross-linking has occuned within 
the adhesive. It should be noted that, although these beams were stored under service class 2 
conditions, they were tested on the 12th day after manufacture. All the other composite beams were 
left to cross-link for at least a few weeks prior to testing. It is possible that the phase ID 
FULCRUM-LVL and GFRP-LVL composites had not cross-linked sufficiently. It is of course also 
possible that the LVL used for these particular beams retained an initial flexural modulus lower 
than the assumed 14GPa. The reinforcement volume fraction used in phase i n  is low and there is 
also a lot of adhesive, which has a lower stiffness than the LVL and essentially lowers the beam 
stiffness.
It is useful to be able to produce reliable theoretical predictions of the flexural modulus. 
Various mathematical models exist which predict to a high level of accuracy the uni-directional E- 
modulus properties of composite materials. The present case of investigation involves flexional 
loading conditions, which are essentially very different to axial loading conditions. Moulin et al 
(1990) used Equation 3.2-19 to predict the flexural modulus of glulam beams laminated 
horizontally on the outermost fibres with glass fibre reinforced plastic. The equation assumes that 
the strain is uniform, that a plane stress state exists, that each laminate, or component, possesses 
material homogeneity and that a plane cross-section remains plane after loading.
Ec —— ^ £ ,/ i ............................................................................................................ Equation3.2-19
h  i 
Where
Ec - Elastic modulus of the composite
Ic - Second moment of area for the composite
E? - Elastic modulus for a single component
t  - Local second moment of area for a single component
Equation 3.2-19 was found by Moulin and co-workers to be no more than ±3% different to 
the measured properties of the FRP reinforced glulam beams subjected to three-point bending 
loads. If the geometrical arrangement and the area fractions of the reinforcements and the adhesive 
are accounted for, Equation 3.2-19 can be expressed as Equation 3.2-20, the predictions from 
which are compared with the median values from the experimental results in Table 3.2-3. Ratios of 
predicted to experimental values are also presented in Table 3.2-3. The theoretical elastic modulus 
values for the reinforcements are found in a previous Table (refer to Table 3.2-1) with the 
exception of GFRP, which has been allocated an elastic modulus value of 35GPa (averaged 
between the tensile and compressive characteristics). The elastic modulus of the LVL is taken as 
14GPa, Ranta-Maunus (1995).
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E c = — + E <A, [y/ ]21................................................................................................... Equation 3.2-20
h  1
Where
A1 - Local area of component i
y  - Distance from the component centroid to the composite neutral axis
Generally, Equation 3.2-20 under-predicts the flexural modulus of the reinforced LVL 
beams. The most significant under- or over-predictions tend to be for the higher stiffness 
reinforcements such as the steel and the CFRP. The predictions under-predict the flexural modulus 
by 75% in the worst case and the highest over-predictions are no greater than 8 % over the 
experimental flexural modulus. Certainly, the model does not reflect the same level of accuracy for 
the present composite beams as was observed by Moulin and co-workers and reflects the 
uncertainty that can exist when using idealised models. Equation 3.2-20 does not account for 
possible anomalies that may arise due to the intimacy of bonding between the composite 
components, the ambient conditions, or the material defects that are unique to each beam that may 
alter the functionality of individual beams. Wood is an inhomogeneous material and the levels of 
scatter between samples are likely to be high. Appendix C gives a worked example showing the 
experimental and theoretical calculations for a Phase I steel reinforced composite.
Flexural modulus/GPa





STEEL 37.1 2 1 .2 1.75
CFRP 22 .6 14.7 1.54
GFRP 18.8 13.9 1.35
FULCRUM 16.6 14.1 1.15
STEEL 29.9 22.5 1.33
CFRP 18.9 14.6 1.30
GFRP 17.3 13.7 1.26
FULCRUM 16.9 13.9 1.22
STEEL 40.9 26.8 1.53
CFRP 20.5 14.9 1.38
GFRP 12.1 13.6 0.89
FULCRUM 11.1 13.9 0.80
STEEL 33.3 24.2 1.38
CFRP 16.2 2 0 .6 0.79
GFRP 16.0 13.5 1.19
FULCRUM 16.0 14.8 1.08
Table 3.2-3 Flexural modulus values expressed as the experim ental m edian and as theoretically predicted 
values. A ratio is given o f the experim ental to  theoretical values.
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3 .2 .5.2 FLEXURAL STRENGTH
The median flexural strength values for all tested beams are plotted in Figure 3.2.28 with 
error bars indicating the upper and lower boundaries of the sample range. Figure 3.2.28 includes an 
accompanying table, which shows the individual flexural strength values as well as their percentage 
difference from unreinforced LVL (given in brackets next to each individual value). These 
percentages are calculated assuming that unreinforced LVL has a flexural strength of 51MPa, 
Ranta-Maunus (1995). The strength values are calculated for phases I-IV beams using Equations 
3.2-21 to 3.2-24 respectively.
&  I, =  -Z Z T - ............................................................................................................................Equation 3.2-21
2 W l,c
aFmix
a //./.max =   Equation 3.2-22
2 W II,c
aF.
a III,/,mu =  OT1/m“  ........................................................................................................................Equation 3.2-23
2 W Ill,c
aFmx
a i v . f ,  nmx =  ™   Equation 3.2-24
IV,c
Where
airmx - Flexural strength (subscripts /f //f m and /y refer to phases I to IV respectively)
Fma - Peak load
a - Distance from the bottom roller to the nearest loading point
Wc - Composite section modulus for phases I, n, HI and IV respectively (additional
subscripts lt u> m and /y refer to phases I-IV respectively)
Looking at the flexural strength values in Figure 3.2.28, it becomes overwhelmingly clear 
that the composite strength is affected more by judicious positioning of the reinforcement than it is 
by the volume fraction of reinforcement used. In numerous instances, the strengths of the phase m  
and IV beams exceed the strengths of the phase I and II beams even though the volume fractions of 
the phase I and II beams are higher. Using similar arguments as were used for the flexural modulus 
values, the flexural strength is more readily determined by the reinforcement effects at the 
outermost tension and compression fibres of the beam As the highest stresses are essentially the 
normal axial tensile and compressive stresses, restraint imposed as reinforcement in these areas will 
be most effectual, with reinforcement effectiveness decreasing as it approaches the neutral axis of 
the composite beam
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Figure 3 .2.28 M edian flexural strength values for phase I-IV beam s w ith  error bars indicating the upper 
and low er ranges. The flexural strength values for each beam  are a lso  given in  an accom panying table with  
percentage d ifferences from  unreinforced LVL (siM P a).
It is harder to use Figure 3.2.28 to make comparisons between the effectiveness of the 
different reinforcing materials used. This is because the volume fractions used between the 
reinforcing materials are so drastically different. For this reason, the transformed strengths are 
compared and shown in Figure 3.2.29. The strength enhancement can be attributable to a material - 
to-geometric transformation and thus, regardless of the magnitude of the reinforcement volume 
fraction, the different reinforcing material can be compared directly to solid LVL ‘equivalents’. 
Comparison of the plots for each reinforcement type shows that the effectiveness of phase II-IV 
composite beam configurations far exceeds that of the higher volume fraction phase I beam 
configuration. Also, comparison between the reinforcement types demonstrates that the lower 
modulus reinforcing materials (GFRP and FULCRUM) actually perform as well as if not better 
than their higher modulus counterparts (CFRP and steel). The transformed section method, 
although widely used and highly practical, does not always yield accurate results, (Johns and 
Lacroix, 2000). A higher level of accuracy, with perhaps less uncertainty is achievable through 
finite element approximations. Computationally simulated results are reported in section 3.3 and 
the aim is to examine the conclusions from section 3.2.
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F igu re 3 .2 .2 9  M ed ian  tra n sfo rm ed  flex u ra l stren g th  v a lu e s  fo r  p h a se  I-IV  b e a m s w ith  erro r  b a rs in d ica tin g  
th e  u p p er  a n d  lo w e r  ran g es. T he tra n sfo rm ed  flex u ra l stren g th  v a lu e s  fo r  ea ch  b ea m  a re  a lso  g iven  in  an  
a cco m p a n y in g  ta b le  w ith  p ercen ta g e  d ifferen ces  fro m  u n re in fo r ce d  LVL (s iG P a ).
Table 3.2-4 summarises the flexural properties o f  the phase I-IV composite beams by 
providing the median values for each reinforcing material used in each reinforcement phase as well 















































































T able 3 .2 -4  S u m m a ry  o f  m ed ia n  flex u ra l p ro p e r tie s  fo r  p h a se  I-IV b e a m s a n d  fo r  a ll r e in fo r ce m en t typ es.
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3.3 Finite element analysis o f adhesively bonded steel-LVL 
composites: model development and verification
Timber structures are normally designed so as to remain well within their elastic capabilities. 
Occasionally however, timber structures are under-designed and the onset of plastic yielding may 
endanger the lifetime of the structure, which is in turn a considerable safety hazard. The theoretical 
determination of the proportional limit is therefore paramount and is possible using an elastic- 
plastic analysis method. The objective of this section is to develop a non-linear finite element 
model to determine the yield strength for phase I-IV steel-LVL composite beams. The intention is 
then geared towards using the model to determine the optimal reinforcement geometry o f the phase 
I-IV steel-LVL composite beams as a function of equal reinforcement volume fraction. The model 
determines the flexural modulus and yield strength for phase I-IV steel-LVL beams as a function of 
increasing volume fraction. The analysis was carried out using ANSYS 5.7, a finite element 
software package.
3.3.1 Model geometries
Composite components for phases I-IV beams were modelled according to the cross 
sectional dimensions shown in Figure 3.3.1, each component for each composite beam also having 
a length of 900mm (i.e. half the length of the beam). The cross sections modelled represent only 
one half of the actual beam cross sections due to symmetry (refer to cross sections in Figures 3.2.1- 
3.2.4). The modelled beam lengths were also symmetrical about their centre points and hence, only 
half the beam length needed to be modelled. Glued contact between the composite components was 
specified for phase n , m  and IV beams. This assumed a theoretically perfect bond-line, which is 
infinitely thin and inseparable, even beyond the maximum bond stress capabilities of the adhesive- 
steel or adhesive-LVL interface. This approximation is acceptable provided there is no de-bonding 
between any of the adhesive interfaces throughout the duration of monitored loading (i.e. to slightly 
beyond the composite yield strength). For the phase I beam glued contact was specified as with the 
phase H-IV beams but through the medium of contact elements at the steel-adhesive and LVL- 
adhesive interfaces. The main difference between the two methods is that contact elements allow 
the definition of inter-elemental characteristics whereas the glued method is a more simple inter- 
nodal sharing method (i.e. the nodes are the same at the contacting surface). The use of contact 
elements consumes more time, and it is of interest to see whether the accuracy of solution is 
significantly affected by using these different techniques.
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F igu re  3 .3 .1  C ross se c tio n a l d im e n s io n s  an d  la y o u t u sed  in  f in ite  e le m e n t  m o d e ls  fo r  b ea m s fro m  p h a se s  I- 
IV ( la b e lle d ). In  ea ch  p h a se , th e  LVL is  tex tu red  b ro w n , th e  a d h e s iv e  is  b lack  a n d  th e  s te e l r e in fo r ce m en ts  
a re  sh a d e d  grey .
3.3.2 Discretisation of composite beams
1 st order three-dimensional solid elements were used to mesh the composite components. 
Each element comprises eight nodes and three degrees o f freedom exist at each node in the 
directions perpendicular and parallel to the LVL grain axis, which coincide with the orthogonal 
Cartesian axes x, y  and z. Phase I models also employed contact elements. The element edge 
lengths were defined according to the geometric requirements o f each component within each 
model. The final mesh patterns for phases I-IV com posites are shown in Figures 3.32-3.35  
respectively.
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Figu re 3 .3 .2  M esh  p a ttern s o f  c o m p o site  c o m p o n e n ts  fo r  p h a se  I b e a m  m o d e l (n o t  to  sca le ) .
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F igu re 3 .3 .3  M esh  p a ttern s o f  c o m p o site  c o m p o n e n ts  fo r  p h a se  II b ea m  m o d e l (n o t  to  sc a le ) .
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F igu re 3 .3 .4  M esh  p a ttern s o f  c o m p o site  c o m p o n e n ts  fo r  p h a se  III b ea m  m o d e l (n o t  to  sc a le ) .
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F igu re 3 .3 .5  M esh  p a ttern s  o f  c o m p o site  c o m p o n e n ts  fo r  p h a se  IV b e a m  m o d e l (n o t  to  sc a le ) .
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3.3.3 Assignment of material properties
3 -3 -3 -1  M IL D  S T E E L
Mild steel, used during the experimental phase in chapter 3, conforms to standards 
specified in BS 4360 (1986). The minimum yield strength for this grade o f  steel, for a thickness 
below 16mm, is 275MPa. The tensile strength lies between 430-580M Pa and the minimum  
elongation is 20%. The values used for the FE model are closely approximated to these values and 
are graphically represented in Figure 3.3.6. In practice, the outermost fibres o f  the com posite beams 
do not reach strains anywhere near as high as 2 0 % and so the stress-strain characteristics are 
adequately represented using bi-linear plots where the onset o f  yield is defined and work hardening 
is taken to 15% strain. N o value is assigned to the upper yield strength and the steel is assumed to 
be an isotropic solid with a density o f  7900kgm'3, a shear modulus o f  83GPa, an elastic modulus o f  
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F ig u re  3 .3 .6  S tr e ss-s tra in  p lo t u sed  to  r ep re se n t th e  n o n -lin ea r  c h a r a c te r istic s  o f  m ild  s te e l  u p  to  15% 
s tr a in .
Work hardening begins at the critical von-M ises stress, av, which is calculated according to
the principle, a v =  ^(<7 , -  o 2 ) 2  + (cr2 -  <r3 ) 2  +  (<r3 -  <7, ) 2  . The subscripts i, 2» and 3  refer to the
individual principal axes o f the steel, which are coincident with the orthogonal Cartesian axes and 
hence occupy three-dimensional Euclidean space. The critical stress from where non-linearity 
com m ences is 300MPa.
3 .3 .3 .2  A D H E S IV E
CB10TSS adhesive has an elastic modulus that is the same in tension as it is in 
compression. The adhesive was assumed to possess the characteristics o f  an isotropic solid with a 
density o f  1130kgm'3, an elastic modulus o f  l.IG Pa and a Poisson’s ratio o f  0.3. However,
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CB10TSS adhesive has superior compressive strength properties relative to its strength in tension. 
Although the compression characteristics are well documented the strength properties in tension 
had to be deduced experimentally. Tensile tests were performed on three samples o f  CB10TSS, 
which had a thickness o f 4mm and a width o f 10mm. An extensometer was used to measure the 
strain as a function o f loading. Figures 3.3.7 (a) and (b) show a typical tension test sample and the 
test apparatus set up respectively.
F igu re  3 .3 .7  (a ) a d h es iv e  te n s io n  te s t  sa m p le  a n d  (b ) te n s io n  te s t  r ig  sh o w in g  e x te n so m e te r  a ttach ed  to  
c en tre  o f  a d h es iv e  sa m p le , w h ich  is  c la m p ed  by  w ed g e  g r ip s.
The tensile and compressive characteristics o f  the adhesive were approximated to elastic- 
perfectly-plastic systems, the only difference between them being the stress at which perfect- 
plasticity commences. Figure 3.3.8 shows the elastic-perfectly-plastic tensile and compressive 
characteristics input into the model.
a, - tensile strength = 21 MPa 
ac - compressive strength = 60MPa 
E, - elastic modulus in tension 
Ec - elastic modulus in compression
Strain
F igu re  3 .3 .8  E lastic  r ig id -p la stic  s tr e ss-s tra in  re la tio n sh ip s  fo r  a d h e s iv e  in  te n s io n  a n d  c o m p r ess io n .
3«3*3*3 LAMINATED VENEER LUMBER
The LVL was modelled as an orthotropic solid with a density o f  520kgm ‘3. The elastic 
constants were defined as in Table 3.3-1. Here, the Cartesian jc-axis is made parallel to the grain o f
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The LVL. Although orthotropy is assumed, the elastic constants for the two axes normal to the
direction of the grain were normalised. Hence, E, ^ Ey = E* and Uxy— Ujz ^ Uyi.
Property x y
Direction or plane 
z xy yz xz










Table 3.3-1 Elastic properties o f Kerto S laminated veneer lumber.
The anisotropic plasticity option was used in ANSYS 5.7 to define the non-linear 
characteristics of the LVL (see Appendix B). Using this option, normal yield stresses in 
compression, ocy, were defined in the orthotropic principal axes of the LVL, which were taken to 
coincide with the local orthogonal Cartesian axes, the x axis of which is normalised with the grain 
axis of the LVL. Yield was not defined in tension, rather, it was assumed that the behaviour of the 
LVL in tension was linear elastic throughout the duration of loading. Peak shear stresses, Tp, were 
also identified in the xy, yz and xz planes. Following yielding in compression or shear, tangent 
moduli and tangent shear moduli describe the plastic stress-strain relationships in each direction 
and plane.
The non-linear compressive characteristics of LVL are not sufficient to describe the stress 
characteristics of an LVL beam subjected to flexure. Although such an approximation may be valid 
for compression dominated failure, such as exists under an embedding nail, there will certainly be 
the development of high tensile stresses on the underside of a bending beam below the neutral axis. 
The restriction of plastic incompressibility negates the possibility of using both tensile and 
compressive characteristics in the same model. The problem is overcome by linearly interpolating 
between the data predictions of two models, one possessing the tensile characteristics of LVL and 
the other with the compressive characteristics. Given that there is symmetry about the axis of 
neutrality prior to loading, it is plausible to assume that exactly half the beam experiences tension, 
whist the other half is subjected to compression. This approximation essentially violates true beam 
behaviour whereby the neutral axis moves closer to the tension edge o f the beam at the onset of 
compressive yielding.
The determination of the normal compressive and shear yield stresses as well as the 
gradients describing the 1st order (linearly) proportional plastic stress against plastic strain involved 
experimental compression and shear block testing of LVL specimens with dimensions of (50mm)3. 
Compression tests and shear block tests were conducted using a displacement rate of 2mm.min'1. 
The determination of the tangent moduli for the compression block tests involved the measurement 
of a tangent at a 0.2% proof stress. A strain of 0.2% was chosen to ensure that the slope of the 
tangent corresponded with the slope of the linear plastic stress-strain gradient The bi-linear stress- 
strain plots for the shear planes xy, yz and xz followed the appropriate shear modulus in each plane 
until reaching the peak shear stress of the material, after which the plastic slope supposed a zero
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tangent modulus. Figure 3.3.9 illustrates the tensile-com pressive characteristics defined for the 
LVL, while the shear characteristics input into the model are shown in Figure 3.3.10.
cy.x
cy,y w cy,z- ,T*  Ec1’2
Strain
£.'•*> E . ' - ' .E . ' '
°oy.* >  <*oy,y =  ®oy,i
bi-linear plot in 
principal axis, x
bi-linear plot in 
principal axes, y and z
Et Elastic modulus in tension
Ec Elastic modulus in compression
Ect Tangent modulus in compression 
tfcy Yield stress in compression
Et/GPa Ec/GPa O cyM Pa E* /MPa
X 12.75 12.75 30 2000
y 0.255 0.255 5 25
z 0.255 0.255 5 25









G*y = GyZ = G “
GTxy = GTyi = GT,xz = 0
Tp,xy =  Tp, xz >  Tp> yz
bi-linear plot in xy 
and xz planes
bi-linear plot in yz 
plane
G Shear modulus
Gt Tangent shear modulus
td Peak shear stress
G/GPa GT/MPa Tp/MPa
xy 0.620 0 11
yz 0.620 0 8
xz 0.620 0 11
Strain
F ig u re  3 .3 .1 0  B i-lin ea r  s tr e ss -s tra in  a p p ro x im a tio n s  a n d  re la ted  v a lu e s  fo r  LVL in  xy, yz  a n d  xz  sh ea r  
p la n es .
3.3.4 Load application and boundary conditions
The model was bound with symmetry about V2I and Vib, where I is the span and b  is the 
width o f an entire com posite beam such as was tested in phases I-IV. Displacement controlled 
loading was applied via nodes attached to a line across the upper edge o f  the LVL segments for all 
beams (phase I-IV). The line was located at a distance o f 300m m  from the centre point o f  the beam.
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Force would be transferred therefore, through the LVL to the reinforcement via the adhesive. Nodal 
translations at the lower edge o f the beam end were restricted in every degree o f freedom along the 
Cartesian axes at a position on the lower edge o f the beam at a distance o f  900mm along the span 
from the centre point o f the beam. Rotational freedom was however, unrestricted. Figure 3.3.11 
illustrates the application o f  loads and the boundary conditions.
- application of nodal displacements
- bound with zero degrees of freedom
>/:b
S  - bound with symmetry
F ig u re  3 .3.11 L oad in g  an d  b o u n d ary  c o n d itio n s  fo r  f in ite  e le m e n t m o d e ls .
3.3.5 Load-displacement characteristics
Figures 3.3.12-3.3.15 show the load-displacement characteristics for phase I-IV steel-LVL  
com posite beams as was predicted by the finite element models whereby the LVL possessed either 
the tensile (red dots) or compression (blue dots) characteristics described in Figure 3.3.9. Linearly 
interpolating between the points yields the estimated finite element predictions, which are shown 





1 2 40  CO
O 30 
20 -  
10 
0
• FE prediction (LVL compression)





F igu re 3 .3 .1 2  FE p red ic tio n s  fo r  p h a se  I steel-L V L  c o m p o site  b e a m s a s  lin ea r ly  in terp o la ted  from  tw o  
m o d e ls , ea ch  h o ld in g  e ith er  te n s io n  o r  c o m p r ess io n  c h a ra cter istic s  fo r  th e  LVL (c o n ta c t e le m e n ts  u sed ).
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• FE prediction (LVL compression)
• FE prediction (LVL tension)
•  Linear interpolation
30 350 5 10 15 20 25
Displacement/mm
F igu re  3 .3 .1 3  FE p r e d ic tio n s  fo r  p h a se  II steel-L V L  c o m p o site  b e a m s a s lin ea r ly  in terp o la ted  fro m  tw o  








• FE prediction (LVL compression)
• FE prediction (LVL tension)
•  Linear interpolation
30 350 5 10 15 20 25
Displacement/mm
F igu re 3 .3 .1 4  FE p r e d ic tio n s  fo r  p h a se  III steel-L V L  c o m p o site  b e a m s a s  lin ea r ly  in terp o la ted  fro m  tw o  


















• • FE prediction (LVL compression)
•  FE prediction (LVL tension)
• •  Linear interpolation
10 15 20 25
Displacement/mm
30 35 40
F igu re  3 .3 .15  FE p r e d ic tio n s  fo r  p h a se  IV steel-L V L  c o m p o site  b e a m s  a s  lin ea r ly  in terp o la ted  fro m  tw o  
m o d e ls , ea ch  h o ld in g  e ith e r  te n s io n  o r  c o m p r ess io n  c h a ra cter istic s  fo r  th e  LVL (n o d e  sh a r in g  m eth o d ).
The estimated finite element predictions are then compared with the experimental load- 
displacement characteristics (grey lines) for phases I-IV and are shown in Figures 3.3.16-3.3.19. 
The limit o f  proportionality is determined by approximating the finite element predictions to an
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initial 1 st order relationship representing elasticity and a subsequent 1 st order relationship 
representing plasticity. The intersection between the two linear estimations is taken to be the 
proportional limit, or, the yield load. Ratios o f  the predicted force at yield to the experimentally 
determined forces at yield are calculated and tabulated to two decimal places in order o f magnitude. 
The closer the ratio is to unity, the closer the FE predictions are to the experimental observations. A  











Ratio of predicted 
value to experimental 
value
Highest 34.7 32.2 1.08
Median 34.7 32.9 1.06
Lowest 34.7 32.8 1.06
10 20 30










F igu re  3 .3 .1 6  L o a d -d isp la cem en t cu rv es fo r  p h a se  I te s ted  s te e l-r e in fo r c e d  LVL sa m p le s  ( in  grey) and  
e stim a te d  f in ite  e le m e n t p r e d ic tio n s  (b lack  d o ts ) . A  c o m p a r iso n  is  m a d e  b e tw e en  th e  p red icted  an d  












Ratio of predicted 
value to experimental 
value
Highest 24.4 24.0 1.02
Median 24.4 24.8 0.98
Lowest 24.4 25.4 0.%
Displacement/mm
F igu re  3 .3 .17  L o a d -d isp la cem en t cu rv es fo r  p h a se  II te s te d  ste e l-r e in fo r c e d  LVL sa m p le s  ( in  grey) and  
e stim a te d  f in ite  e le m e n t p red ic tio n s  (b lack  d o ts ) . A  co m p a r iso n  is  m a d e  b e tw e en  th e  p red icted  an d  
ex p e r im en ta l p r o p o r tio n a l lim its  (n o d e  sh a r in g  m eth o d ).
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Ratio of predicted 









F igu re  3 .3 .1 8  L o a d -d isp la cem en t cu rv es fo r  p h a se  III te s te d  s te e l-r e in fo r c e d  LVL sa m p le s  ( in  g rey ) and  
e stim a te d  f in ite  e le m e n t p r e d ic tio n s  (b lack  d o ts ) . A  c o m p a r iso n  is  m a d e  b e tw e en  th e  p red ic ted  and  













Ratio of predicted 
value to experimental 
value
Highest 28.4 28.4 1.00
Median 28.4 28.8 0.99
Lowest 28.4 28.8 0.99
10 20 30 40
Displacement/mm
50
F igu re  3 .3 .1 9  L o a d -d isp la cem en t cu rv es fo r  p h a se  IV te s ted  ste e l-r e in fo r c e d  LVL sa m p le s  ( in  g rey ) and  
e stim a te d  f in ite  e le m e n t p r e d ic tio n s  (b lack  d o ts ) . A  co m p a r iso n  is  m a d e  b e tw e en  th e  p red icted  and  
e x p e r im en ta l p r o p o r tio n a l l im its  (n o d e  sh a rin g  m e th o d ).
Examination o f the tables located adjacent to the plots show that the model predictions are 
at worst, ±8% different to the experimental values for the proportional limit. The slope o f  the initial 
linear portion, prior to yielding, shows little variation between experimental and predicted values. 
The highest difference is seen in the phase in  predictions where the predicted slope is distinctly 
higher than the experimental equivalents. The ratio o f predicted slope to experimental slopes are
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approximately unity for phase I, II and IV. For phase m  however, the ratio of predicted slope to the 
median slope of the experimental tangents, is approximately 1.16 and therefore the model over­
predicts the tangent to the slope by about 16%. A sound estimate of the linear tangent and the force 
at yield is vital when designing timber structures. The aim of design is to remain within safe limits 
and to avoid loading above composite yield. Theoretical studies of reinforced timber composites 
have employed moment relationships based upon the failure modes of composite beams to predict 
the ultimate failure loads, Dagher (1996), Gilfillan et al (2001), Romani and Blap (2001) and 
Fiorelli and Dias (2003). Others have presumed that a maximum shear stress criterion is enough to 
predict the ultimate load of a reinforced timber beam, Dorey and Cheng (1996b). The 
aforementioned studies are all inclined towards predicting the ultimate failure using uni-directional 
analytical procedure. It could be argued that the prediction of the proportional limit is at least as 
useful, if not more useful for designers because the design objective is to never exceed the 
proportional limit. The non-linear finite element predictions show considerable accuracy and could 
therefore be useful for designing safe structures.
The methodological differences between the use of contact elements (phase I) or inter- 
nodal sharing (phases II-IV) are insignificant with regards to the load-displacement predictions and 
consequently, for the prediction of the force at yield. If the intention of modelling, therefore, is 
solely to acquire design information for the flexural modulus and the load at yield, the more 
efficient method is that of inter-nodal sharing as it is computationally less time consuming yet 
similar in accuracy.
3.3.6 Distribution of stresses
Computationally simulated stress contours can aid in the understanding of failure and 
yields greater insight into the function, contribution and failure mechanism of individual materials 
within the composite. Figures 3.3.20-3.3.23 show the normal stress contours along the beam axis as 
estimated by the finite element models for the LVL and steel in phases I-IV beams at a 
displacement of approximately 28mm. At the same displacement, the shear stresses that develop in 
the LVL at the LVL-adhesive interface are illustrated by stress contours in Figures 3.3.24-3.3.27 
for phase I-IV beams respectively. In these particular models, the LVL retains the compression 
characteristics defined in Figure 3.3.9. Simultaneously examining both the normal and shear stress 
models for LVL demonstrates that the failure modes for phase I-IV beams in the LVL will be 
predominantly due to the build up of axial normal stresses in the outermost fibres of the LVL and 
not as a result of planar shear stress build up at the LVL-adhesive interface. Beams displaced at 
28mm are well into plastic straining. Whereas the normal compressive yield stresses have clearly 
been surpassed, the shear stresses are still below the critical value of llM Pa beyond which non­
linear shear stress-shear strain behaviour would commence. Building resistance to shear failure by 
using full depth vertical plate reinforcements, such as has been suggested by Triantafillou (1997), is
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therefore not as worthwhile as building up a resistance to longitudinal failure in the outermost 
fibres o f the LVL when a composite beam is in flexion. Designers should consider the expected 
failure mode o f the composite beam under the specified loading conditions when choosing the 
method o f reinforcement.
The full depth steel plate reinforcement, Figure 3.3.28, illustrates how little the steel 
reinforcement contributes to axial normal stress resistance in the vicinity o f  the neutral axis. 
Assum ing now that resistance to axial normal stress is the principal deterrent to premature beam 
failure, the use o f  lower depth reinforcements situated at the outermost fibres o f the LVL where the 
highest axial stresses develop is similar in effectiveness. The phase II-IV reinforcements, seen in 
Figures 3.3.29-3.3.31, are unlike the full depth reinforcement in that they fully contribute to the 
resistance o f  axial normal stresses between the central rollers. The use o f the phase II-IV 
reinforcement methods are hence less wasteful o f both reinforcement and adhesive, and are 
generally easier to manufacture than a full depth vertical laminate.







P o w e rG ra p h ics  
EFACET^l 
AVRES=Mat 
DMX = 2 8 .0 4 2  
SMN = - . 162E+09 
SMX = . 343E+08 
- . 162E+09 
I - . 140E+09 
- . 118E+09 
- . 963E+08 
- . 745E+08 
- .5 27E + 08  
- . 3 10E+08 
- . 919E+07 






F ig u re  3 .3 .2 0  N o rm a l s tr e s s  co n to u r s  in  th e  LVL p a ra lle l to  th e  g ra in  a x is  in  a  p h a se  I b ea m . U n its  a re  in  
P a sca ls .
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F igu re  3 .3 .2 1  N o rm a l s tr e ss  c o n to u r s  in  th e  LVL p a ra lle l to  th e  g ra in  a x is  in  a  p h a se  II b ea m . U n its  a re  in  
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F igu re  3 .3 .2 2  N o rm a l s tr e s s  c o n to u r s  in  th e  LVL p a ra lle l to  th e  g ra in  a x is  in  a  p h a se  III b ea m . U n its  a re  in  
P a sca ls .
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Figure 3 .3.23 N orm al stress contours in  the LVL parallel to  the grain axis in  a phase IV beam . U nits are in 
Pascals.
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Figure 3 .3.24 Shear stress contours in the LVL in  the length-depth p lane for a phase I beam . U nits are in 
Pascals.
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Figure 3.3.25 Shear stress contours in  the LVL in  the length-depth plane for  a phase II beam . U nits are in  
Pascals.
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Figure 3 .3.26 Shear stress contours in  the LVL in th e length-depth p lane for a phase HI beam . U nits are in  
Pascals.
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ANSYS 5 .7 .1  
NODAL SOLUTION 
STEP=1 
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F igu re  3 .3 .2 7  S h ea r  s tr e s s  c o n to u r s  in  th e  LVL in  th e  len g th -d ep th  p la n e  fo r  a  p h a se  IV b ea m . U n its  a re  in  
P a sca ls .
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F ig u re  3 .3 .2 8  A x ia lly  d istr ib u ted  n o rm a l s tr e s s  c o n to u r s  w ith in  th e  s te e l  p la te  in  a  p h a se  I b ea m . U n its  are  
in  P a sca ls .
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F igu re  3 *3*29  A xia lly  d istr ib u ted  n o rm a l s tr e s s  c o n to u r s  w ith in  th e  s te e l p la te s  in  a  p h a se  II b ea m . U n its  
a re  in  P a sca ls .
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F igu re 3 .3 .3 0  A x ia lly  d istr ib u ted  n o rm a l s tr e s s  co n to u r s  w ith in  th e  s te e l  p la te s  in  a p h a se  III b eam . U n its  
a re  in  P a sca ls .
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F ig u re  3 -3 -31  A xia lly  d istr ib u ted  n o rm a l s tr e s s  co n to u r s  w ith in  th e  s te e l  ro d s in  a  p h a se  IV b ea m . U n its  are  
in  P a sca ls .
The role o f the adhesive in transferring force from the LVL through to the steel is better 
understood using path plots for different beam displacements, U. The plots describe the magnitude 
o f normal stresses along the beam axis, but as taken from points across the cross section. The path 
(dotted lines) used for each phase is shown in Figure 3.3.32 and the plots are illustrated for phase I- 








F igu re  3 .3 .3 2  P a th s u sed  fo r  n o rm a l s tr e s s  p lo ts  fo r  p h a se  I-IV b e a m s.
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The low modulus adhesive acts as a buffer between two higher modulus materials. 
Although the use of higher modulus adhesives result in superior mechanical enhancement, Jones 
(1997), lower modulus adhesives have the advantage of solving problems associated with de­
bonding, Brunner (2002), and this is perhaps directly attributable to the buffering action of the 
adhesive. This concept is of vital importance. A high modulus material laminated vertically with a 
low modulus material, due to their incoherent properties, are likely to develop high interfacial 
stresses that may result in interfacial failure. Although the adhesive has a very low modulus relative 
to the neighbouring LVL and steel, the adhesive also possesses a high yield strain (approximately 
5% in compression and 2% in tension for CB10TSS) and will behave elastically until this strain 
level is reached. The yielding of the steel and LVL occurs below such high strains and thus the 
adhesive does not reach a stress level at which adhesive yielding occurs, except perhaps at the 
interface due to vertical shear. Hence, the adhesive theoretically buffers the differential stress levels 
of the LVL and the steel. This is seen to some extent in Figures 3.3.33-3.3.36 where there is a 
marked drop of stress between the LVL and the steel. However, the different methodological 
approaches yield markedly different results. The phase I beam where contact elements were used, 
Figure 3.3.33, illustrates an almost idealistic cross sectional stress profile. The LVL, the adhesive 
and the steel experience realistic stress levels within the confines of their individual material 
ranges. However, the phase H-IV stress profiles, Figure 3.3.34-3.3.36, where the contact method of 
inter-nodal sharing was used, suggest excessively high stress levels in the adhesive. This is directly 
attributable to the inter-nodal sharing method. Whereas with the contact elements, Figure 3.3.33, 
material behaviour can still be individualistic as the contact criteria are specified only at the 
elemental interfaces; the inter-nodal sharing method causes material movement, force-displacement 
relationships and hence stress-strain relationships, to be shared at the interfacial regions. The result 
is that a material that will experience high stresses at particular strains, when twinned with a 
material that experiences low stresses at the same particular strains, will raise the stress levels of 
the lower modulus material and vice versa. This is certainly untrue in practical terms because 
yielding of the adhesive immediately reduces the contribution of the reinforcement. Therefore, 
although both the method of using contact elements and the inter-nodal sharing method yielded 
similarly accurate load-displacement characteristics, the interfacial stress profiles are particularly 
unrealistic using the inter-nodal sharing method relative to the use of contact elements.
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3.4 Virtual experimentation
3.4.1 Optimal reinforcement geometry for phases I-IV steel-LVL beams
Load-displacement characteristics can be adequately predicted using the models developed 
in section 3.3. The internally bonded steel-LVL beam tests conducted in section 3.2 and modelled 
in section 3.3 are somewhat incomparable to each other with regards to the mechanical 
enhancement over un-reinforced LVL. This is due to the variability in the reinforcement volume 
fractions between each o f the phase I-IV beams. The finite elem ent models can be used to compare 
the reinforcement geometries with one another as a function o f equal reinforcement volume 
fraction. Such an investigation will enable the deduction o f  the optimal reinforcement geometry 
used in phases I-IV steel-LVL beams.
3.4.1.1 EXPERIMENTAL PROCEDURE
Phase IV steel rod reinforced LVL beams retained the lowest reinforcement volume 
fraction (approximately 2.8%). The width o f phase I-III steel plates were adjusted until the 
reinforcement volume fractions were normalised to the 2 .8 % steel rod volume fraction present in 
phase IV beams. The beams components were discretised and assigned material properties in 
accordance with the descriptions given in sections 3.3.2 and 3.3.3 respectively. The discretised 
cross-sections for the phase I-IV beams having equal reinforcement volume fractions are shown in 
Figure 3.4.1. The steel reinforcements are represented by the grey elements, the green and 
turquoise elements are the areas o f  adhesive and the LVL mesh pattern is composed o f mustard 
coloured elements. Loading and boundary conditions were applied in accordance with the 
description in section 3.3.4. The models were contacted using the inter-nodal sharing method for 
the sake o f  efficiency.
F igu re  3 .4 .1  D isc r e tise d  c r o s s-se c t io n s  o f  p h a se  I-IV f in ite  e le m e n t  m o d e ls  w h er e  th e  r e in fo rcem en t  
v o lu m e  fra ctio n  in  ea ch  m o d el is  2.8% .
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3.4 .1.2 LOAD-DISPLACEMENT CHARACTERISTICS
Figure 3.4.2 shows the predicted load-displacement curves for the phase I-IV beams, each 
beam retaining a reinforcement volume fraction of 2.8%. It is immediately noticeable that the 
geometrical arrangement of the phase III composite is superior to the others, with the geometrical 









• Phase I VF 2.8% 
o Phase II VF 2.8% 
+ Phase III VF 2.8% 




F ig u re  3 .4 .2  P re d ic te d  lo a d -d isp la cem en t c h a ra cter istic s  o f  p h a se  I-IV b e a m s w h er e  th e  re in fo r ce m en t  
v o lu m e  fr a ctio n  fo r  e a ch  b ea m  is  2.8% .
The estimated forces at yield, FyieUi, for the composite beams were calculated using the 
approach adopted in section 3.3.5, Figure 3.4.3, and these forces were converted to values for the 
flexural yield strength, ay;y/eW, using Equation 3.4.1.
_ ^ y i e l d
2  W.
.E q u a tio n  3 .4-1u  f,y ie ld
where
a - Distance along the x-axis between the position of force application on the upper
face and the nodes bound on the lower face with zero degrees of freedom 
(Jf,yield - Yield strength
Fyield - Force at yield
Wc - Composite section modulus
The section moduli for the composite beams can be calculated for phase I from Equation 
3.4-2 and for phases II-IV from Equation 3.4-3. The superscriptj refers to the individual materials 
(whether LVL, steel or adhesive) which pass through the beam’s axis of neutrality, whilst the
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subscript c refers to the entire composite beam where all material components are included. The
notations b  and t refer to the beam width and the beam depth respectively.
VVC =  >  — *— ............................................................................................................................................................ E q u ation  3 .4 -2
6
Ti/ V cWc = ........... ............................................................................................................................................................................ E qu ation  3 .4 -3
6
P h ase  I
1—I   1     1     1 1 I f »     
10  2 0  3 0  4 0
Displacement/mm
P h ase  II









P h ase  III
10  2 0  3 0
Displacement/mm
IV
0  1 0  2 0  3 0  4 0
Displacement/mm
F ig u re  3 .4 .3  B i-lin ea r  in fe re n c e  p lo ts  u sed  fo r  p red ictin g  th e  fo r c e  a t y ie ld  fo r  p h a se  I-IV b ea m s w h er e  th e  
r e in fo r ce m en t v o lu m e  fra ctio n  fo r  e a ch  b ea m  is  2.8% .
The flexural modulus was subsequently calculated from the load-displacement plots. This 
was done by converting a force at a displacement where 1 st order elastic proportionality is assumed 
valid (in each case taken at a 5mm displacement), and then dividing the calculated stress value by 
the maximum outer fibre strain between the centre point and the upper roller position, on the 
compression face o f  the composite beam. The predicted values for the flexural modulus and the
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yield strength are detailed in Figures 3.4.4 (a) and (b) respectively. These plots clarify the need for 
a strategic reinforcement positioning in order to achieve optimum mechanical enhancement.
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F igu re  3 .4 .4  F lexu ra l m o d u lu s (a )  an d  th e  y ie ld  stren g th  (b ) p lo tte d  fo r  p h a se  I-IV b ea m s ea ch  reta in in g  a 
r e in fo r ce m en t v o lu m e  fra ctio n  o f  2.8% .
3.4.2 The theoretical effects of volume fraction
Graphical plots presented in the literature indicate that the effect o f increasing the volume 
fraction o f horizontally laminated reinforcements upon the beam stiffness is non-linear. These 
include experimentally determined trends, Dorey and Cheng (1996a) as well as theoretically 
deduced trends, Gilfillan et al (2001). The results o f  these reports suggest that the stiffness of 
reinforced timber composites will increase less significantly as the volume fraction o f  
reinforcement is increased. The finite element models w ill now be used to assess the effect o f  
altering the volume fractions o f the reinforcements upon both the flexural modulus and the yield 
strength.
3 .4 .2 .1  EXPERIMENTAL PROCEDURE
Computer simulations were carried out for five different reinforcement volume fractions to 
determine theoretical flexural properties for phases I-IV com posite beams. The width o f  phases I- 
III steel plates and the diameter o f phase IV steel rods were adjusted to yield reinforcement volume 
fractions o f  1%, 2%, 2.8%, 4% and 5%. The beam components were discretised and assigned 
material properties in accordance with the descriptions given in sections 3.3.2 and 3.3.3 
respectively. The discretised cross-sections for all the reinforcement volume fractions pertaining to 
the phase I-IV beams are shown in Figures 3.4.4-3.4.7. The steel reinforcements are represented by 
the grey elements, the green and turquoise elements are the areas o f adhesive and the LVL mesh 
pattern is com posed o f mustard coloured elements. Loading and boundary conditions were applied
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in accordance with the description in section 3.3.4. The models were contacted using the inter- 
nodal sharing method.
F ig u re  3 *4*5  P h a se  I b e a m s w ith  1%, 2%, 2.8% , 4% an d  5% r e in fo r c e m e n t v o lu m e  fra ctio n  ( le ft  to  right 
resp ectiv e ly ).
F ig u re  3*4*6 P h a se  II b ea m s w ith  1%, 2%, 2.8% , 4% a n d  5% r e in fo r c e m e n t v o lu m e  fra ctio n  ( le ft  to  right 
resp ectiv e ly ).
F igu re  3 .4 .7  P h a se  i n  
r esp ectiv e ly ).
b ea m s w ith  1%, 2%, 2.8% , 4% a n d  5% r e in fo r c e m e n t v o lu m e fra ctio n  (le ft t o  right
F igu re  3 .4 .8  P h a se  IV b ea m s w ith  1%, 2%, 2.8% , 4% a n d  5% r e in fo r c e m e n t v o lu m e  fra ctio n  ( le ft  to  right 
resp ectiv e ly ).
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3.4.2.2 FLEXURAL PROPERTIES
The calculation o f the flexural modulus, Efi for each o f  the reinforcement volume fractions 
follow ed the same procedure applied in section 3.4.1.2. There is a level o f  uncertainty involved in 
the application o f a theoretical mathematical function to theoretical data points, which are based 
them selves, upon theoretically approximated relationships. However, the application o f a 
mathematical relationship can relieve the painstaking task o f  reproducing repetitive finite element 
models that will cater for every required real dependent variable within a particular real 
independent variable range. Figure 3.4.9 shows a graph o f the flexural modulus plotted against the 
reinforcement volume fraction. The relationship assumed for the flexural modulus as a function o f  
reinforcement volume fraction, x, occurs when
f :xh*axb,xe%lZx£5
where a  and b are constants particular to each composite phase. Figure 3.4.10 shows a graph o f  the 
yield strength plotted against the reinforcement volume fraction. The relationship assumed for the 
yield strength as a function o f the reinforcement volume fraction, x , occurs when
/  : x  cx  +  d , x E  91,1 <  j c < 5  
where c  and d  are constants particular to each composite phase. These mathematical functions were 
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Phase I !
Reinforcement volume fraction/%
F ig u re  3 .4 .9  F in ite  e le m e n t m o d e l p red ic tio n s  fo r  th e  f lex u ra l m o d u lu s  p lo tte d  a s  a  fu n ctio n  o f  th e  
r e in fo r ce m en t v o lu m e  fra ctio n  fo r  p h a se  I-IV  steel-L V L  c o m p o site  b e a m s.
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R = 0.9936 
Phase III
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F igu re  3 .4 .1 0  F in ite  e le m e n t m o d e l p red ic tio n s  o f  th e  y ie ld  s tr en g th  p lo tted  a s  a fu n ctio n  o f  th e
re in fo r ce m en t v o lu m e  fra ctio n  fo r  p h a se  I-IV steel-L V L  c o m p o site  b e a m s.
Examination o f Figures 3.4.9 and 3.4.10 demonstrates the importance o f  the reinforcement 
arrangement within the LVL substrate. Theoretically, superior flexural modulus and yield strength
are similarly located within the LVL (as in phase IV). The geometry o f vertical laminates permits a 
greater percentage o f the reinforcement to be located near the outermost fibres whereas reinforcing
as reinforcement than plates at the beam surface. It is assumed that the reinforcement volume 
fractions remain constant for the sake o f comparison.
The trends between reinforcement phases I-IV are the same for the flexural modulus and
observed for phases I, III and IV. The predicted flexural modulus values fit well to a non-linear 
trend and confirm the experimental findings o f  Dorey and Cheng (1996a) as well as the theoretical 
deductions o f  Gilfillan et  al  (2001). The yield stresses suppose a 1st order fit as a function o f the 
reinforcement volume fraction and are in this respect, dissimilar to the trends observed in Figure 
3.4.9. There are no available experimental or theoretical comparisons in the literature for a yield  
strength expressed as a function o f the reinforcement volume fraction (for reinforced timber 
beams). It can be hypothesised that the linearity o f  this material property as a function o f the 
reinforcement volume fraction is attributable to the yield stress o f  steel. The yield stress o f steel 
may well exhibit linearity as a function o f its geometry and volume. Larger sections o f  steel can 
resist higher forces and hence constrain the onset o f  yield more effectively than smaller sections o f
values are obtained by inserting smaller vertical laminates closer to the outermost fibres o f the LVL 
(as in phase III composites). This geometry is predicted to be better also than reinforcing rods that
rods are thickest at a distance o f at least the rod radius from its edge. Hence rods are less effective
the yield stress. Phase II yield stresses however, show a slight deviation from the general trends
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steel. It is hence readily plausible to suggest that the composite yield strength is governed by the 
yielding characteristics of the reinforcing material provided the reinforcement is the first 
component to yield in the composite. This is therefore true for steel reinforced LVL beams as steel 
has a significantly lower yield strain than LVL. Therefore, non-linear composite behaviour can be 
considered as beginning simultaneously with non-linear reinforcement behaviour.
The differences between flexural modulus predictions for phases I-IV are somewhat higher 
than those predicted for the yield stress. The yield strain of mild steel is relatively low, 
(approximately 0.0015). Increased resistance to beam bending as a function of load has been shown 
to be possible by increasing the volume fraction of reinforcement or indeed, by employing different 
reinforcement geometries. However, it is plausible to suggest that once the yield strain of the steel 
reinforcement is surpassed, the magnitude of loading will no longer increase as dramatically as it 
does within the Hookean region of elasticity. The different reinforcement geometries used in 
phases I-IV composite beams will resist higher loads to achieve a strain of 0.0015 as a result of the 
effectiveness of their location within the LVL, as a consequence of their local geometries and as a 
function of increasing volume fraction.
175
Chapter 3 INTERNALLY REINFORCED LVL
3.5 Summary of research findings
3.5.1 Comparison of nailed and bonded steel-LVL flitch beams
o Adhesively bonded flitch beams possess superior strength and stiffness properties relative to
the flitch beams connected by the shot fired nailing technique, 
o It is believed that the stiffness superiority of adhesively bonded flitch beams over nailed
flitch beams is due to the higher surface area that is in connection resulting in a greater
contribution from the reinforcement, 
o It is believed that the strength superiority of adhesively bonded flitch beams over nailed
flitch beams is due to the introduction of macro-defects within the LVL through nailing, 
which aids crack propagation. Contrarily, adhesively bonding introduces no such defects and 
so the generation and propagation of fracture requires higher forces, 
o The transformed section method of analysis is better suited to adhesively bonded flitch
beams than it is to mechanically connected flitch beams.
3.5.2 LVL reinforced with steel and FRP plates and rods
o Experimental analysis shows that the fracture mode of reinforced LVL composites is
dependent upon the properties of the reinforcing material used, the quality of the adhesive- 
reinforcement bond and the geometric location of the reinforcement 
o Using higher modulus reinforcements (steel and CFRP) is beneficial for enhancing the
stiffness of LVL composites but is not necessarily an advantage with regards to strength over 
lower modulus materials (GFRP and FULCRUM). GFRP and FULCRUM enhance the 
strength of LVL as well as, if not better than, CFRP and steel, 
o The positioning of reinforcements within an LVL substrate is paramount. According to the
experimental findings, lower volume fractions of rod and plate reinforcement can be used as 
effectively, if not better than full depth vertical laminates as long as they are located near the 
outermost tension and compression surfaces of the LVL.
3.5.3 Non-linear finite element modelling of steel-reinforced LVL
o Confirmation of the geometric benefits of reinforcements and the benefits of their location
within the LVL has been possible through developing a non-linear finite element model. The 
model has been used to predict the flexural modulus and yield strength of steel-LVL 
composites retaining equal volume fractions of reinforcement, 
o Numerical simulations show that in steel-LVL composites normal axial stresses at the
outermost fibres of the beam reach plasticity before the shear stresses in the LVL at the LVL-
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adhesive interface. Therefore normal axial stresses are predominantly the cause of beam 
failure.
o Model predictions show that between 1% and 5% volume fraction of steel reinforcement, the
flexural modulus of phase I-IV beams can fit a power law trend relatively well. Similarly, 
between 1% and 5% volume fraction of steel reinforcement, the yield strength of phase I-IV 
beams can be represented linearly.
o Model predictions suggest that the phase m  reinforcement configuration (small vertical
plates located at the outermost fibres) give the greatest stiffness enhancement for LVL and 
produce the highest yield strengths out of the four reinforcement configurations (phases I- 
IV).
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Chapter 4  REPAIR OF FRACTURED SPRUCE BEAMS
The repair and restoration of timber structures using steel and FRP 
reinforcements is often preferable to replacing structural members. Mechanical 
reinforcements used for repairing timber can be located within or indeed 
externally to the timber. Design solutions for remedial work are often based 
upon testing of reinforced timber as opposed to repaired timber. There is hence 
a need for the experimental research to more closely match situations in which 
timber repair may be necessary. The objective of this chapter is to simulate 
timber beam repairs using the insight gained in Chapter 3 and to investigate 
mechanical enhancement of the beams as a function o f the failure mechanism 
and the properties of the reinforced beams.
4.1 Flexural properties o f C16 spruce beams
If timber beam repair is to be simulated, repairable beams must be created. This section aims 
to create repairable spruce beams by failing them in flexure. Respectable comparisons can 
subsequently be made, as the flexural properties of repaired beams can be compared directly to 
their former unreinforced states.
4.1.1 Manufacture and characteristics of C16 spruce beams
C16 spruce beams were manufactured as vertically laminated bi-segment composites. The 
two beam segments came from the same original timber lath and were sawn centrally down the 
length of the beam to form the individual pieces. Halving the spruce spreads the knots and lowers 
the grade below C16. The pieces were subsequently glued together using CB10TSS adhesive. 
Figure 4.1.1 schematically illustrates the laminating procedure. The width of the composite beam is 
b, while the beam depth and length are t and / respectively. The lengths of all of the beams were 
1900mm while the width and depth was on average, 93mm and 96mm respectively.
The cross-sectional dimensions and properties for each individual beam are provided in 
Table 4.1-1. Table 4.1-1 also provides detailed information for each individual beam including the 
relative moisture contents at the time of testing, MC, the dry density, pd, the average ring width, wr, 
the average percentage of latewood within the growth rings, the number of knots per beam with a 
diameter greater than 5mm and the average diameter of the knots greater than 5mm in diameter, 
Knot-0 . It should be acknowledged that the knot diameters were calculated as the mean of two 
diameters, one being parallel to the longitudinal axis of the beam, while the other was normal to the 
beam axis, Figure 4.1.2. It was necessary to calculate the knot diameter in this way because many 
of the knots were elliptically shaped. Thirty-six beams were manufactured in total.
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Cut centrally along length
Beam segm ents are vertically 
laminated and are subsequently 
bonded together to form a single 
com posite beam with dim ensions b, 
and /.
Beam b t MC/% Pd/kgm '3 Wp/mm Latewood/% Knots/beam Knot-0/mm
1 93 96 11.4 343 7.6 25.0 6 37
2 95 99 12.1 392 6.0 35.1 10 23
3 94 95 12.7 471 5.5 31.0 9 37
4 94 98 12.5 366 7.3 27.5 10 30
5 92 99 11.2 375 3.9 22.2 12 16
6 91 96 11.9 351 9.1 22.1 9 21
7 93 96 12.0 370 3.8 27.3 6 19
8 94 97 12.4 368 4.7 23.7 12 28
9 93 98 12.1 345 5.9 17.1 7 17
10 92 95 12.6 400 5.5 18.4 16 47
11 94 96 12.7 459 5.7 11.0 19 26
12 94 97 11.4 363 7.4 26.1 6 27
13 95 97 12.4 412 5.2 16.6 11 35
14 92 95 11.4 343 2.7 29.2 9 14
15 92 95 12.2 348 8.8 14.9 4 25
16 94 96 11.2 346 5.9 19.1 15 27
17 93 96 11.3 369 7.1 19.7 12 23
18 93 96 12.1 436 6.0 24.1 6 37
19 92 96 12.1 392 6.0 19.2 7 14
20 93 96 11.3 334 5.0 26.2 20 17
21 94 96 11.6 362 3.2 21.5 11 20
22 91 95 11.3 366 3.9 20.8 9 24
23 94 97 12.7 471 7.7 12.5 5 33
24 93 94 11.9 387 3.5 38.1 6 25
25 92 95 11.4 357 4.5 17.6 5 12
26 93 96 12.5 366 10.9 26.6 8 30
27 93 97 12.0 337 6.7 24.0 9 24
28 90 94 11.2 375 6.3 9.8 9 37
29 94 96 11.5 422 6.0 33.1 15 27
30 93 97 11.9 351 8.7 16.2 7 45
31 93 96 11.2 338 5.8 16.1 10 32
32 92 96 12.4 328 5.4 25.5 6 14
33 94 97 12.0 370 5.4 28.9 9 24
34 93 96 11.6 382 3.0 18.2 9 18
35 90 96 12.4 368 5.5 8.1 12 19
36 94 97 12.0 390 6.2 7.1 4 21
Mean 93 96 11.9 376 5.9 21.7 9 26
SD 1.2 1.2 0.5 37 1.8 7.4 4 9
Table 4 .1-•1 M easured properties o f  the C16 spruce beam s including th e  m ean and standard deviation (SD ).
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WOOD
height normal to grain axis
Width parallel to grain axis
F ig u re  4 .1 .2  D im e n sio n a l m ea su r em e n ts  u sed  in  d e te rm in in g  th e  k n o t d ia m e ter  fo r  e ach  k n o t.
4.1.2 Test conditions and specifications
Spruce beams were subjected to flexure under four-point bending loads. The bending rig is 
shown in Figure 4.1.3 (a). An LVDT displacement transducer affixed to the crosshead was used to 
monitor the centre point deflection, Figure 4.1.3 (b). Loading was displacement-controlled and a 
crosshead speed o f 2mm.min'1 was used. The roller span at the bottom was 1800mm and third- 
point loading ensured that the upper rollers were located 300m m  either side o f  the beam centre 
point. Figure 4.1.3 (c) shows a schematic o f the test set-up and provides appropriate dimensions. 
All beams were vigilantly observed during loading until the very first drop in load when an audible 
crack was heard. Following this, the beam was removed and flattened by applying load in the 
opposite direction using the bending rig. This was carried out so  as to make beam repair easier.
< - * —
600rrm 1 LVDT | 600rrm
— ->





F ig u re  4 .1 .3  (a )  T e st r ig  w ith  a  sa m p le  m o u n ted , (b ) LVDT d isp la c e m e n t tr a n sd u c er  lo ca te d  o n  th e  b eam  
su rfa c e  a n d  (c )  sc h e m a tic  o f  fo u r -p o in t b en d in g  te s t  se t  up  sh o w in g  p o s it io n s  o f  r o lle r s  a n d  LVDT.
4.1.3 Failure of unreinforced C16 spruce beams
Observation o f beam failure determines how a beam should be repaired. Schematics o f  the 
failure modes o f  all 36 spruce beams are shown in Figures 4.1.4-4.1.6. T w elve beams are
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represented in each figure. The bottom rollers are located at the ends o f  the rectangles, which 
represent the beams and the broken vertical lines running through the depths o f  all beams in each 
figure indicate the inner roller positions. Cracks are identified by unbroken black lines and when 
knot presence is believed to influence the failure mechanism, the relevant knot positions are drawn 
(not to scale) as filled black circles. Each beam is numbered 1 to 36.
SPAN BETWEEN INNER ROLLERS
SPAN BETWEEN OUTER ROLLERS 
F igu re  4 .1 .4  F a ilu re  m o d e s  fo r  b ea m s 1-12.
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SPAN BETWEEN OUTER ROLLERS 
F igu re  4 .1 .5  F a ilu re  m o d es  fo r  b ea m s 13*24.
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SPAN BETWEEN OUTER ROLLERS 
F ig u re  4 .1 .6  F a ilu re  m o d e s  fo r  b ea m s 25 -3 6 .
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4.1.4 Flexural properties of unreinforced C16 spruce beams
Table 4.1-2 gives the values for the flexural modulus, Ef, and the flexural strength, af  of 
each tested beam. The flexural modulus is calculated from linear elastic stress-strain characteristics. 
The flexural strength is calculated from the first drop in load accompanied by an audible fracture. 
Equation 4.1-1 was used to calculate the flexural strength values.
aF
O r — ............................................................................................................................................Equation 4.1-1
/  2 w
where
a - distance from the loading point to the bottom roller
F - highest load reached before first drop in load occurs
W - section modulus of spruce beam = b?l6
Beam E/GPa a/MPa Beam E/GPa a/MPa
1 9.4 12.9 19 9.8 18.4
2 8.5 25.2 20 8.2 15.9
3 6 .0 19.6 21 8 .6 37.6
4 10.7 30.5 22 10.5 35.3
5 10.7 32.3 23 9.0 26.9
6 8.3 26.5 24 6.5 18.5
7 8.4 41.6 25 12.9 28.1
8 8.8 20.7 26 7.3 22.5
9 12.1 32.6 27 7.3 15.6
10 7.5 28.7 28 10.7 40.2
11 11.5 36.3 29 5.0 30.2
12 8.8 26.0 30 7.5 30.7
13 8.4 17.2 31 11.8 13.7
14 14.0 32.1 32 11.9 26.2
15 10.8 28.7 33 10.5 23.5
16 6.4 17.8 34 15.0 36.6
17 10.0 30.5 35 14.8 43.8






27 3  
8 .1
Table 4.1-2 Flexural modulus and flexural strength values for all unreinforced C16 spruce beams.
The flexural modulus values have a mean of 9.6GPa with a standard deviation about the 
mean of ±2.4 while the mean flexural strength is calculated as 27.3MPa with a standard deviation 
about the mean of ±8.1. prEN 338 (2000) considers the mean modulus and strength values for C16 
strength class timber as being 8 GPa and 16MPa respectively. The C16 timber beams tested could 
be seen to have somewhat higher-than-standard mean strength and stiffness values. Some positive 
correlation is noticeable when plotting the flexural modulus as a function of strength, Figure 4.1.7, 
however, the low coefficient of determination shows that the scatter is high. In Figure 4.1.8, the 
flexural strength is plotted and related to the influence of knots in the failure mode. Figures 4.1.4- 
4.1.6 show in which beams failure is influenced by the presence of knots and which beams have a 
failure mode that is independent of the presence of knots. Power law curves are fitted to the data
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sets and coefficients o f determination are given. Generally it can be said that the scatter in the 
strength values o f beams, where the presence o f  knots influences the failure mode, is somewhat 
higher than beams where the failure mode is independent o f knot presence. Furthermore, it can 
broadly be said that the knots which are influential to fracture have an effect on the strength in that, 
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Flexural strength/MPa
F ig u re  4 .1 .7  F lexural m o d u lu s p lo tted  a s  a  fu n ctio n  o f  th e  flex u ra l s tr en g th .
B  Knot influencing failure 
□  Failure independent of knots 
—  Power (Knot influencing failure) 





F igu re  4 .1 .8  C o m p a riso n  o f  th e  flex u ra l s tr en g th s  o f  C16 sp ru ce  b e a m s  in  re la tio n  to  th e  fa ilu re  m o d e .
The magnitude o f scatter is seen to be high also when the flexural modulus and the flexural 
strength is plotted as a function o f the average ring width, Figures 4.1.9 (a) and (b) respectively, 
and as a function o f density, Figures 4.1.9 (c) and (d) respectively. Surprisingly, the plots in Figure
4.1.9 show that no correlation exists between the mechanical and physical properties o f the tested 
spruce beams. Hoffmeyer (1995) has advised caution in interpreting the physical properties o f  
wood for strength grading. Hoffmeyer suggests that the density level for a given ring width 
depends heavily upon its source o f origin and the ambient conditions that mould its growth. The
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source o f  origin o f the tested spruce beams is unknown and no correlation is seen to exist between 
the density and the ring width, Figure 4.1.10. It is perhaps ill advisable in this instance therefore, to 
explain the mechanical properties o f the test samples using the physical properties as an analysis 
guide. Analyses o f repaired beams will thence incline towards the material properties o f  the timber 
and reinforcements alongside the observed fracture phenomena.
■= 10
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F igu re  4 .1 .9  F lexu ra l m o d u lu s an d  flex u ra l s tr en g th  p lo tted  a g a in st th e  avera g e  r in g  w id th , (a ) a n d  (b )  
resp ectiv e ly , flex u ra l m o d u lu s  an d  flexu ra l stren g th  p lo tte d  a g a in st  th e  dry  d en s ity , (c )  an d  (d )  





4 6 8 10
Average ring width/mm
F igu re  4 .1 .1 0  D ry d en s ity  p lo tted  a s  a fu n ctio n  o f  th e  average  r in g  w id th .
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4.2 Repair o f fractured spruce beam s using steel and FRP 
plate reinforcem ent
It was shown in Chapter 3 that small vertical reinforcing plates judiciously situated on the 
tensile and compressive surfaces are highly effective at enhancing the strength and stiffness o f  
LVL. The fractured unreinforced C16 spruce beams that were described in 4.1 were repaired using 
steel and FRP plates with similar configurations to the phase III arrangement em ployed in Chapter 
3 for reinforcing LVL.
4.2.1 Materials and repair procedure for fractured spruce beams
Spruce beams that exhibited residual strains and moments o f curvature were levelled flat by 
turning them upside down in the test machine and applying a load that was in opposition to the 
residual curvature. Repair work was carried out at Rotafix Limited. Four reinforcing materials were 
used to repair the spruce and included grade 43 mild steel, CFRP, GFRP and FULCRUM. The 
reinforcements used to repair the fractured spruce were plates that were 2 0 mm deep with a length 
o f  1900mm. The thickness o f  the plates depended on the reinforcing material. Table 4.2-1 lists the 
reinforcing materials and the thickness o f each. The FULCRUM  material was a special case as it 
consisted o f two 1.2mm laminates bonded together using CB10TSS.
Reinforcement Length/mm Depth/mm Width/mm
MILD STEEL 1900 20 5.0
CFRP 1900 20 1.5
GFRP 1900 20 4.0
FULCRUM 1900 20 1.2x2




COMPRESSION FACE REINFORCEMENTS TENSION FACE REINFORCEMENT REINFORCEMENT ON BOTH FACES
F igu re  4 .2 .1  R e in fo rcem en t c o n fig u ra tio n s  u sed  fo r  ea ch  r e in fo r c in g  m a ter ia l.
Three reinforcing configurations were used to repair the fractured spruce beams. The 
reinforcing configurations are shown in Figure 4.2.1. Som e beams were repaired only on the 
compression face, some were repaired only on the tension face and other beams were repaired on 
both faces. These configurations were used for each reinforcing material and all 36 spruce beams 
were repaired. Ideally, the repair strategy would have been chosen as a function o f  the fracture 
mode o f  the spruce. Unfortunately, as there were not enough ‘similar’ failure modes for each
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material type (refer to Figures 4.1.4-4.1.6) and for each reinforcement configuration, comparison 
between the effect o f both the reinforcing materials and the configuration used would be 
problematic. Therefore, repair work was carried out such that the allotting o f  materials and 
configurations was random.
Surface pre-treatment to the reinforcing materials included; grit blasting o f the mild steel to 
SA  2.5 using guidance in SIS 055900 (1967), after which it was coated with a primer, removal o f  
peel ply layer from CFRP composites prior to gluing, abrading o f the GFRP surface using a sodium  
carbonate abrasive while the FULCRUM was left untreated. Grooves were routed into the spruce 
sections to a width o f 12.7mm and a depth o f 20mm into which the reinforcing plates were inserted 
and bonded in using the thixotropic CB10TSS adhesive.
4.2.2 Section properties of repaired composite beams
The section properties o f a composite beam are wholly dependent upon the way in which 
the flexural properties are to be determined. Two methods are intended for the determination o f  
stress and the relevant section properties for each reinforcement configuration are given below.
Figures 4.2.2 (a), (b) and (c) show cross section schematics o f  spruce beams that are 
repaired on the compression face, the tension face and on both faces respectively. The second 
moments o f  area and the section moduli o f these composites can be calculated using Equations 4.2- 
1 to 4.2-6. Icx, lcA and l cb denote the second moments o f  area for the beams repaired on the 
compression face, the tension face and both faces respectively. Wcx, WCfl and Wcb refer to the 
section moduli for the beams repaired on the compression face, the tension face and both faces 
respectively. The global widths and depths o f the composite beams are correspondingly represented 








n n \ f n 1 1
Figure 4 .2.2 C ross section  schem atic o f  spruce beam s (a) the com p ression  face, (b ) th e  ten sion  face and (c) 
both faces. The global d im ensions are provided.
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To calculate the transformed section properties, the location o f  the composite beam 
centroid must be determined. This can be problematic as the beam is already fractured and the true 
axis o f  neutrality will differ according to the magnitude and mode o f  fracture. Moreover, the beams 
repaired on only one face are essentially asymmetrical and the location o f the neutral axis is biased 
towards the side o f  reinforcement. However, in order to calculate the transformed stress values and 
make subsequent comparisons with unreinforced equivalents, a theoretical beam centroid must be 
established. This is most easily done by transforming the steel and adhesive sections into 
theoretically corresponding spruce sections using a modular ratio technique.
Figures 4.2.3-4.2.5 show the procedure for transforming the reinforcement and adhesive to 
















+  4  h
h  = t r = t a
* 2 = K - t l
F igu re  4 .2 .3  T ra n sfo rm in g  o f  c o m p r ess io n  fa ce  rep a ired  sp r u c e  b ea m s sh o w in g  th e  d im en sio n a l  
p r o p e r tie s  a n d  th e  co n stitu tiv e  eq u a tio n s  in v o lv ed  in  th e  r e -d im e n s io n in g  p ro ced u re .
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F igu re  4 .2 .4  T ra n sfo rm in g  o f  te n s io n  fa ce  rep a ired  sp ru ce  b e a m s th e  sh o w in g  d im e n sio n a l p ro p er tie s  and  
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F igu re 4 .2 .5  T ra n sfo rm in g  o f  sp ru ce  b ea m s rep a ired  o n  b o th  fa c e s  sh o w in g  th e  d im e n s io n a l p ro p erties  
a n d  th e  c o n stitu tiv e  eq u a tio n s  in v o lv ed  in  th e  r e -d im e n s io n in g  p ro ced u re .
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Once the transformation procedure is complete, the centroid of the repaired composite 
beam can be determined. It may be noted that each beam is transformed according to its own 
unique elastic properties (refer to Table 4.1-2). The calculations of the beam centroidal distance 
from the top down for beams repaired in compression, Cc, and from the bottom up for the beam 
repaired in tension, C„ are given by Equations 4.2-7 to 4.2-8 respectively. For the spruce beams 
repaired on both sides, it is assumed that the location of the beam centroid is at the centre of the 
beam cross section. The theoretical centroid for each beam is calculated using its own dimensional 
properties (refer to Table 4.1-1).
U c -  w --" -  ^  = ............      Equation 4*2-7
2^ ^  2 ^ A  a i + a 2
i I
c t -  ~ ,  =  I I............. ........................................................................Equation4.2-8
Z a  Z a  a + a
i  i
Where Qi = yA  - First moment of area
A  = tibi - Surface area
y, = t/2  - Vertical distance from the edge to the local centroid, C<
ti - Depth of beam section, t
The subsequent transformed second area moments, /„ and transformed section moduli, Wt, 
are calculated utilising the parallel axis theorem and are given in Equations 4.2-9 to 4.2-14 for all 
beam configurations. Beams repaired in compression, tension and on both faces are denoted by the 
added subscripts c, , and b respectively. Each calculation uses the individual dimensional properties 
for each beam (refer to Table 4.1-1).
h ,c  = { ^ f  + f o ' i X C c -  * ) 2 }  +  p j k  +  ( V 2 I k - C c - y 2)2} ...........................................Equation4.2-9
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21,
Wlc  =  — .......................................................................................................................................................................E q u ation  4 .2-12
2IU
W tj  =  —  E q u ation  4 .2 -13
21.
t.
Wt b — --- —  E q u ation  4 .2 -14
4.2.3 Test conditions and specifications
Repaired spruce beams were subjected to four-point bending at a crosshead rate o f  
2mm. min'1. The beams were tested under service class 2 conditions. An LVDT displacement 
transducer was attached to the moving crosshead and was used to monitor the centre point 
deflection. Figure 4.2 .6  shows a schematic o f the loading conditions.
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F igu re  4 .2 .6  S c h e m a tic  o f  fo u r -p o in t b e n d in g  te s t  s e t  up .
4.2.4 Flexural properties of repaired beams
An analysis o f  the flexural properties should be conducted whilst taking into account the 
failure modes o f  the 36 unreinforced spruce beams (refer to Figures 4.1.3-4.1.5). Figures 4.2.7- 
4.2 .10 show the flexural modulus, Ef, enhancement for beams reinforced with steel, CFRP, GFRP 
and FULCRUM  respectively. The flexural strength, 0 /, enhancement for beams reinforced with 
steel, CFRP, GFRP and FULCRUM are shown in Figures 4 .2 .11-4 .2 .14 respectively while Figures 
4.2.15-4.2.18 illustrate the transformed flexural strength enhancement, a ,, for beams reinforced 
with steel, CFRP, GFRP and FULCRUM respectively. Each figure includes the results for repair 
that was administered in compression, tension and on both faces. Each figure also gives a ± 
percentage value indicating the improvement or decline in properties o f  the repaired beam from its 
original unreinforced state. The individual beams are numbered so that it is easy to compare the 
reinforced beams with the fracture modes shown in Figures 4 .1 .4-4.1.6.
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□  original unreinforced 
beam
□  repaired with steel on 
compression face








□  original unreinforced 
beam








□  original unreinforced 
beam
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Flexural modulus/GPa
F igure 4 .2 .7  F lexural m o d u lu s v a lu es fo r  sp ru ce  b e a m s r ep a ired  u s in g  s te e l o n  th e  c o m p r ess io n  face, 
te n s io n  fa ce  a n d  o n  b o th  fa ces . T he rep a ired  v a lu e s  a re  in  g r ey  a n d  a re  co m p a red  to  th e  or ig in a l  
u n re in fo rced  v a lu e s  ( in  red ). T he p ercen ta g e  d ifferen ce  is  g iv en .
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□  original unrainforced 
beam
□  repaired with CFRP 
on compression face







□  original unreinforced 
beam











□  original unreinforced 
beam
□  repaired with CFRP 
on both faces
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Flexural modulus/GPa
12 14
F ig u re  4 .2 .8  F lexu ra l m o d u lu s v a lu es  fo r  sp ru ce  b ea m s r ep a ired  u s in g  CFRP o n  th e  c o m p r ess io n  face, 
te n s io n  fa ce  a n d  o n  b o th  fa ces . T h e  rep a ired  v a lu es  a re  in  p u rp le  a n d  a re  co m p a red  to  th e  or ig in a l  
u n re in fo r ce d  v a lu e s  ( in  red ). T he p ercen ta g e  d ifferen ce  is  g iv en .
196








□  original unreinforced 
beam
□  repaired with GFRP 
on compression face







□  original unreinforced 
beam






BEAM 17 □  original unreinforced 
beam
□  repaired with GFRP 
on both faces
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Flexural modulus/GPa
F igu re  4 .2 .9  F lexural m o d u lu s  v a lu es fo r  sp ru ce  b ea m s rep a ired  u s in g  GFRP o n  th e  c o m p r ess io n  face, 
te n s io n  fa ce  a n d  o n  b oth  fa c es . T he rep a ired  v a lu e s  a re  in  b lu e  a n d  a re  co m p a r ed  to  th e  o r ig in a l 
u n re in fo r ce d  v a lu es  ( in  red ). T h e p ercen ta g e  d ifferen ce  is  g iv en .
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□  original unrainforcad 
beam
□  repaired with FULCRUM 
on compression face








□  original unreinforced 
beam
□  repaired with FULCRUM 
on tension face
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F igu re  4 .2 .1 0  F lexu ra l m o d u lu s v a lu es fo r  sp ru ce  b ea m s rep a ir ed  u s in g  FULCRUM  o n  th e  c o m p r ess io n  
fa ce , te n s io n  fa ce  a n d  o n  b o th  fa ces . T he rep a ired  v a lu es a re  in  g r e e n  a n d  a re  co m p a red  to  th e  o r ig in a l  
u n re in fo r ce d  v a lu e s  ( in  red ). T he p ercen ta g e  d ifferen ce  is  g iv en .
□  original unreinforced 
beam
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It is difficult to make any comprehensive, universally applicable statements concerning the 
effect of reinforcement and its location upon the flexural modulus of a repaired timber beam. The 
complexity is attributable at least, to the magnitude and location of the original fracture mode and 
the way in which the fracture mode has altered the physical properties of the spruce. The 
complexity is exacerbated by other factors such as the intimacy of bonding between the spruce and 
the reinforcement, the material and geometrical properties of the reinforcement and the 
functionality of the applied reinforcement with respect to the damage in the spruce.
Figure 4.2.7 shows the flexural modulus values for spruce beams repaired with steel plates. 
Generally, the steel reinforcement results in an improvement in the flexural modulus relative to 
unreinforced and unfractured spruce, regardless of the position. The anomaly within the series is 
BEAM 32, which showed no visible fracture prior to repair (refer to Figure 4.1.5) and yet exhibited 
a flexural modulus value that was 93% lower than its unreinforced equivalent. The original fracture 
may well have been on the tensile face. The magnitude of enhancement over unreinforced 
equivalents generally increases from beams repaired in compression to those repaired in tension 
with the highest enhancement noticeable in the beams repaired on both sides. It is perhaps 
noteworthy that although the reinforcement volume fraction is equal for beams repaired in tension 
and compression, the fracture paths are generally concentrated to the tensile face and consequently, 
repairing in tension is more effective as a result of the superior restraining of the actual fracture 
path. Restraining the fracture path in tension increases the effective geometrical depth of the 
composite beam, which would otherwise be reduced to a depth coinciding with the depth of 
fracture. Steel plate repairs made on the compression face yielded increased flexural modulus 
values relative to the other reinforcements, quite simply as a function of the high stiffness 
characteristics of the steel. The extra load required to flex the composite beam results from the 
increased compressive resistance to loading from the steel insert. Logically, the beams reinforced 
on both faces yield the highest stiffness enhancement at the very least due to the higher volume 
fraction of stiff reinforcing steel.
Observation of the spruce repaired using CFRP, GFRP and FULCRUM in Figures 4.2.8,
4.2.9 and 4.2.10 tell a different story to that of the spruce beams repaired with mild steel. The 
repaired beams and the geometrical locations of the reinforcement do not show any generic trends 
observed with the spruce repaired with mild steel. Rather at first glance, it appears as if there exists 
some level of randomness attributable to the repair for the repairs made in tension and on both 
faces. The CFRP, GFRP and FULCRUM all have significantly lower E-modulus values as 
compared with the steel and lower loads are consequently required to flex the beams to the same 
extent as the steel repaired beams. As a result, the steel manages to enhance the flexural modulus of 
the repaired beam much more effectively than the pultruded composite reinforcements. The repairs 
made to the compression faces, however, do show relatively clear trends as a function of the 
magnitude of original fracture (refer to Figures 4.1.4-4.1.6). BEAM 2 for example, experiences a
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greater reduction in the flexural modulus relative to its unreinforced equivalent and a longer crack 
path than do BEAMS 5 and 31 (BEAMS 2, 5 and 31 were repaired in compression using CFRP). 
Similarly for the compressive face repaired GFRP spruce beams, BEAM 24 shows a superior 
flexural modulus relative to its unreinforced equivalent and has a relatively small horizontal shear 
fracture around a knot. Likewise, BEAMS 35, 28 and 26 all possess lower flexural moduli relative 
to their unreinforced flexural modulus values. These trends are somewhat less clear for the spruce 
beams repaired in compression using FULCRUM reinforcement.
Accordingly, if any comprehensive, universally applicable statements concerning the effect 
of reinforcement and its location on the flexural modulus of a repaired system are to be made, then 
they could be summarised as follows. Higher stiffness reinforcements are more effective as a 
stiffness enhancing material for repaired spruce beams than are lower stiffness reinforcements. 
Tensile face repairs are more effective at enhancing the flexural modulus than compressive face 
repairs, provided that equal volumes of reinforcement volume fraction are used. Repairs on both 
faces are superior to repairing solely on the tensile and compressive faces because the volume 
fraction of reinforcement is higher and randomly located micro-cracks can be restrained more 
effectively. The effectiveness of repairing on only the compressive face depends highly upon the 
extent of the crack path. Larger fracture paths generally render compressive face reinforcements 
less effective. The tensile fracture paths seem to have less effect on the flexural modulus when the 
beams are repaired in tension and on both faces. This could be because the tensile repair restricts 
the effects of the presence of the crack and the depth of the composite beam extends to the 
outermost edge of the reinforcement
Consideration now turns to the flexural strengths, Figures 4.2.11-4.2.14. The flexural 
strength values are recorded at the Erst drop in load however in some instances, the peak strength is 
higher and when this occurs, the peak strength is indicated by an error bar. The strength values of 
the unreinforced beams were measured at the first drop in load and for reasons of methodological 
continuity the first drop in load is also used for the repaired beams regardless of whether or not the 
peak load is higher. The flexural strengths are calculated using Equations 4.2-15 to 4.2-17 where a 
is the distance from the loading point to the bottom rollers, F t^drop is the load at the first drop in 
load and Wc is the composite section modulus (refer to section 4.2.2).
_  ^fintdrop0 * ,  = .................. ..............................................................................................................................Equation 4.2-15
aF_ fintdrop
O f , —.................. ..............................................................................................................................Equation4.2-16
'  2 w „
aF_  fintdrop
O f  h = .................. ..............................................................................................................................Equation 4.2-17
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It is evident that the overall trends in the flexural strength for all repairs are somewhat 
different from those observed for the flexural modulus values. This is not true though for the spruce 
beams repaired using mild steel plate, where the same generic trends exist for the flexural strengths 
as did for the corresponding flexural moduli for each reinforcing series. The strength values and the 
percentage enhancement generally increase correspondingly from beams repaired in compression 
to those repaired in tension to those repaired on both faces. Anomalies include BEAM 32, which 
showed no visible fracture and yet exhibited a reduced flexural modulus as well as a surprise 
marked increase in the flexural strength after repairing. BEAM 10 is the only steel-repaired beam 
that shows a decrease in strength relative to its unreinforced equivalent. When observations of the 
original fracture mode are made (refer to Figure 4.1.4) it becomes apparent that the tensile fracture 
is large and extends beyond the original neutral axis of the unreinforced spruce. In other instances, 
e.g. BEAMS 19 and 8 , tensile fracture exists, but to a lesser extent and certainly, BEAMS 19 and 8  
show some improvement relative to their unreinforced equivalents. During flexion of a tensile 
fractured and compressive face reinforced beam, load is endured by the compressive face 
reinforcement. Once the Hookean limits are surpassed for the reinforcing steel, a significant load 
has already been borne and the yielding-fracture characteristics of the beam components are 
activated. Essentially, as the tensile fracture increases in size and distribution within the spruce, the 
strength of the composite is reduced and the reparability is lessened.
Whereas the flexural moduli of the pultruded composite repaired beams showed some level 
of randomness between the reinforcing series, the flexural strengths seem to increase 
correspondingly from the beams repaired in compression, to those repaired in tension to those 
repaired on both sides. This was also observed for the modulus and strength values of the steel- 
repaired beams. It is plausible to explain the phenomenon using similar arguments to those 
presented for the steel-repaired beams. Generally, fracture paths have been observed to occur on 
the tensile face of the beam. Repairing the compressive face increases the strength more as a 
function of the added compressive strength and stiffness of the reinforcing material than as a result 
of constraining crack propagation. Repairing on the tensile face with the same volume fraction of 
reinforcement does the job of both restraining (to some extent) the development of the fracture path 
as well as increasing the strength as a function of the added tensile strength of the repairing 
material. Repairing on both faces doubles the volume fraction of the reinforcement and spreads the 
reinforcement across a greater depth of the beam. The result is that there exists added strength from 
both the compressive and tensile strength attributes of the reinforcement and crack propagation is 
better restrained due to the increased presence of crack restraining material.
Consideration now turns to the transformed flexural strengths, Figures 4.2.15-4.2.18. The 
flexural strength values are recorded at the first drop in load however in some instances, the peak 
strength is higher and when this occurs, the peak strength is indicated by an error bar. The strength 
values of the unreinforced beams were measured at the first drop in load and for reasons of
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methodological continuity the first drop in load is also used for the repaired beams regardless of 
whether or not the peak load is higher. The transformed flexural strengths are calculated using 
Equations 4.2-18 to 4.2-20, all of which employ equations derived in section 4.2.2. The additional 
subscripts c, , and b denote repair in compression, tension and on both faces respectively.
aFfirstdrop
CTt = ...................  Equation 4.2-18
2WU
aF_  firstdrop
G t . = ................... ..............................................................................................................................Equation 4.2-19
2WU
aF^  u r  firstdrop






distance from loading point to lower roller
load at the first drop in load
transformed section modulus (refer to section 4.2.2)
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The transformed strength values are very interesting. The transformed section method can 
som etim es be advantageous because it permits the analysis o f  the flexural strength in relation to the 
material and geometric properties o f  the reinforcement used. Regardless o f  the assumptions 
involved in a transformed section analysis, such as the estimation o f  the geometrical properties 
from material properties, it is still a widely used method that allows the comparison o f different 
volume fractions o f  reinforcing materials possessing different mechanical properties.
Observation o f the generic trends between the three different reinforcement configurations 
shows that beams repaired on the compression face are less effective than beams repaired in 
tension, which in turn are less effective than beam repaired on both faces. Furthermore, the 
percentage enhancement, if  any, over beams in their undamaged states is highest for the beams 
repaired with CFRP. The CFRP composites are therefore more effective for repairing fractured 
beams than the GFRP, FULCRUM and mild steel.
Figure 4.2.19 shows the median transformed flexural strength values for all materials used 
in repair and in all configurations. It is clear to see from this figure (as well as from Figures 4.2.15- 
4.2 .18) that the lower strength and lower modulus reinforcements such as GFRP and FULCRUM  
are often as effective if not more effective than higher strength and higher modulus reinforcements 





F ig u re  4 .2 .1 9  M ed ian  tra n sfo rm ed  flex u ra l s tren g th  v a lu es  fo r  a ll m a ter ia ls  u se d  in  rep a ir  an d  in  a ll 
co n fig u r a tio n s .
A  fundamental question now arises; why does repairing beams have a more significant 
effect on the strength than it does on the stiffness? It is suggested that the reinforcing material is 
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crack growth (i.e. it represents recoverable deformation). The significance therefore of the 
reinforcement, is that it increases the stiffness provided there is intimate bonding, to an extent that 
is attributable to the stiffness properties of the reinforcement itself, the dimensions of the 
unfractured spruce and its location within the composite beam (i.e. the effective beam geometry). 
Consequently, higher stiffness reinforcements will have a greater stiffening effect than lower 
stiffness counterparts. For the strength however, the effectiveness of a reinforcing material is not 
only a function of the reinforcement properties, but is also dependent upon the extent to which the 
reinforcement manages to halt crack growth. Beyond elasticity, non-recoverable deformation will 
further develop a pre-existing fracture path. However, if further propagation of the fracture path is 
effectively constrained by the presence of reinforcement, then a new fracture mode in a different 
part of the beam will develop and the beam will retain as much stress as is necessary to create a 
fresh crack. This phenomenon was observed in the tests and the following section aims to illustrate 
and discuss the new fracture paths that materialise after repair work has been completed.
4.2.5 Failure observations
In section 4.1.3, the failure modes of unreinforced spruce beams were illustrated for one 
side of each beam. In this section, the failure modes will be represented for both sides of each beam 
because the fractures are, by and large, more global than the ‘initial fractures* observed in 4.1.3. 
Figure 4.2.20 (a) shows the fracture paths on both sides of each spruce beam repaired with steel in 
compression, while a sawn-through section, Figure 4.2.20 (b), allows examination of the fracture 
paths from the inside for one of the beams repaired with steel plate in compression. This scheme of 
illustration is repeated for all the beams repaired with steel, CFRP, GFRP and FULCRUM in 
compression, tension and on both sides in Figures 4.2.21-4.2.31. In each figure, unbroken black 
lines represent the externally observed fracture paths within the pictorial schematics and solid black 
circles represent the knots that contribute to the direction and location of fracture. Also in the 
pictorial schematics are boxes joining the two sides of each numbered beam containing the letters 
P, N or C. These letters signify ultimate fractures that are bom from pre-existing cracks, P, or 
which are new cracks, N, or which fail through a combination of pre-existing fracture extension as 
well as through the formation of new visible fracture paths, C. In each figure an example beam is 
sawn through and the internal fracture path is indicated in the whole cross section, by a dotted blue 
line.
A global examination of all the Figures 4.2.20-4.2.31 evidences the clear distinctions that 
arise from repairing fractured beams in different locations. Take for instance Figures 4.2.20-4.2.23, 
which show repairs made in compression using steel, CFRP, GFRP and FULCRUM respectively. 
In most of the beams, fracture leads up from the tension face to a level close to the reinforcing 
material after which the fracture path takes a horizontal direction and proceeds relatively parallel to 
the reinforcing material, but without surpassing it. For beams repaired on the compressive face,
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gross compressive face buckles were not observed in the spruce and reinforcement-adhesive de­
bonding was not observed. Contrarily, spruce beams repaired on the tensile face buckled 
appreciably in many instances, Figures 4.2.24-4.2.27. Beams repaired by every reinforcement type 
exhibited gross compressive buckles in the spruce except for the beams repaired with FULCRUM 
reinforcement. It is difficult to attribute this phenomenon to the low modulus and lower strength of 
FULCRUM relative to steel and CFRP, because similar material properties to FULCRUM are 
exhibited by GFRP reinforcement. Also in contrast to the beams repaired in compression, is the 
presence of reinforcement-adhesive de-bonding for the beams repaired in tension using steel.
For beams repaired on both faces, Figures 4.2.28 (a) to 4.2.31 (a), the presence of the 
compressive face reinforcement stunts the development of gross compressive face buckles in the 
spruce whilst fracture paths propagate in horizontal shear around the theoretical axis of neutrality. 
More reinforcement-adhesive de-bonding was observed in the beams reinforced on both faces than 
was observed for either of the other configurations. This is possibly due to the fact that higher 
loads, and thus higher stresses, were experienced by beams repaired on both faces relative to the 
beams repaired on only one face. Due to the higher stresses experienced by the beam components, 
the stress levels required to initiate interfacial de-bonding between the reinforcement and the 
adhesive could be reached. This also forms part of the explanation as to why reinforcement- 
adhesive de-bonding was observed for only the beams repaired on the tensile face using steel. 
Although beams repaired in tension using CFRP experienced, in some cases, stresses as high as the 
steel plate repaired beams, the stress required to activate de-bonding between the steel plate and the 
adhesive is perhaps lower than that between the CFRP and the adhesive and the consequence is 
steel-adhesive de-bonding, but no CFRP-adhesive de-bonding. Equally, the de-bonding activation 
stress is likely to be low between the GFRP and the adhesive (as was noticed in Chapter 3), 
however, because the stress experienced was lower than that for the steel plate repairs in tension, 
the stress levels required to activate de-bonding was not reached and hence de-bonding was not 
observed.
As with the de-bonding observed in the reinforced LVL from Chapter 3, it is believed that 
when de-bonding occurs, the fracture path initiates from the region of de-bonding and propagates 
into the spruce. Fracture will always take the path that is mechanically weakest. Hence, when 
fracture initiates in the wood, it tends to propagate through the wood and works its way around the 
adhesive and reinforcement. A final point of note with regards to the fracture modes shown in 
Figures 4.2.20-4.2.31, is that repair in compression appears to be less effective at halting pre­
existing cracks than repairs in tension and on both sides. This is quite natural as the pre-existing 
cracks are usually located on the tensile face, however, there are instances where new cracks do 
form in the beams reinforced in compression.
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SPAN BETWEEN INNER ROLLERS
STEEL COMPRESSIONBEAM 32
BEAM 32 STEEL COMPRESSION
BEAM 19 STEEL COMPRESSION
BEAM 19 STEEL COMPRESSION
STEEL COMPRESSIONBEAM 8
STEEL COMPRESSIONBEAM 8
BEAM 10 STEEL COMPRESSION
BEAM 10 STEEL COMPRESSION
SPAN BETWEEN OUTER ROLLERS
(b)
F igu re 4 .2 .2 0  (a ) P ictograp h ic  r ep re se n ta tio n  o f  fra ctu red  sp r u c e  b e a m s  rep a ired  u s in g  s te e l  p la te  o n  th e  
c o m p r ess iv e  fa ce  an d  (b ) c ro ss  se c tio n  fra ctu re  p ath  fo r  BEAM  3 2 .
BEAM 32
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F igu re  4 .2 .2 1  (a ) P ictograp h ic  r ep resen ta tio n  o f  fra ctu red  sp r u c e  b e a m s rep a ired  u s in g  CFRP p la te  o n  th e  
c o m p r ess iv e  fa ce  a n d  (b ) c ro ss  se c tio n  fra ctu re  p ath  fo r  BEAM 31.
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c o m p r ess iv e  fa ce  a n d  (b ) c ro ss  se c tio n  fractu re  p ath  fo r  BEAM  2 4 .
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th e  te n s ile  fa ce  a n d  (b ) c r o s s  se c tio n  fra ctu re  p ath  fo r  BEAM 3 0 .
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SPAN BETWEEN INNER ROLLERS
(a)
STEEL BOTHBEAM  34
BEAM  34 STEEL BOTH
BEAM  20 STEEL BOTH
BEAM  20 STEEL BOTH
STEEL BOTHBEAM  14
STEEL BOTHBEAM  14
< >
SPAN BETWEEN OUTER ROLLERS
BEAM 14
F igu re  4 .2 .2 8  (a ) P ictograp h ic  r ep re se n ta tio n  o f  fra ctu red  sp ru ce  b e a m s  rep a ired  u s in g  s te e l p la te  o n  b oth  
fa c es  a n d  (b ) c r o s s  s e c tio n  fra ctu re  p ath  fo r  BEAM 14.
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SPAN BETWEEN INNER ROLLERS
(a)
<  >
CFRP BOTHBEAM  18
BEAM  18 CFRPBOTH
BEAM  13 CFRP BOTH
BEAM  13 CFRPBO TH
CFRPBO THBEAM  1
CFRPBOTHBEAM  1
SPAN BETWEEN OUTER ROLLERS
(b)
F igu re  4 .2 .2 9  (a ) P ic to g ra p h ic  r ep re se n ta tio n  o f  fra ctu red  sp ru ce  b e a m s rep a ired  u s in g  CFRP p la te  o n  
b o th  fa c e s  a n d  (b ) c r o s s  se c tio n  fra ctu re  p ath  fo r  BEAM 1.
BEAM 1
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SPAN BETWEEN INNER ROLLERS
(a)
GFRP BOTHBEAM  17
BEAM  17 GFRP BOTH
BEAM  22 GFRP BOTH
BEAM  22 GFRP BOTH
<  ►
SPAN BETWEEN OUTER ROLLERS
BEAM 22
Figure 4 .2.30 (a) Pictographic representation  o f  fractured spruce beam s repaired using GFRP plate on  
both faces and (b) cross section  fracture path for BEAM 22.
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SPAN BETWEEN INNER ROLLERS
(a)
<  >
BEAM  27 FULCRUM BOTH
BEAM  27 FULCRUM BOTH
BEAM  29 FULCRUM BOTH
FULCRUM BOTHBEAM  29
FULCRUM BOTHBEAM  11
FULCRUM BOTHBEAM  11
SPAN BETWEEN OUTER ROLLERS
(b)
Figure 4 .2.31 (a) P ictographic representation  o f  fractured spruce beam s repaired using  FULCRUM plate on  
both faces and (b) cross section  fracture path for BEAM 29.
BEAM 29
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4.3 Current research significance
The restoration of timber structures cannot be taken lightly as it holds historical, economical, 
conservational and ecological significance. Expansion and shrinkage due to moisture fluctuations 
warps and twists wood, lowering its axial strength, and potentially loosening essential joints within 
the structure, Marshall et al (1998). Mould growth, rot and insect attack cause internal 
deterioration, Watt and Swallow (1996), which can be highly detrimental to the mechanical 
functionality of the structure. Remedial techniques include the application of fungicides and 
pesticides, Richardson (1995), and more recently, mechanical methods for repair such as the use of 
FRP and resin repairs, Wheeler and Hutchinson (1998). Yet, mechanical methods of repair are 
evidently under-researched and unrealistic comparisons are often made between empirically 
conducted research and their application to timber structures in need o f repair. Jones (1997), 
Radford et al (2002), Ogawa (2000) and Lopez-Anido et al (2003) have all conducted experimental 
investigations into what is effectively, reinforcement of undamaged timber beams, and have 
assumed the validity of the results in repair scenarios.
Perhaps Duarte et al (2004) were the closest to simulating repair tests by removing fractured 
regions of broken pine beams and replacing the cutout segments with timber sections reinforced in 
tension with rods. The reinforcing rods extended beyond the timber replacement and hence were 
also used to connect the replacement section to the original beam. The method used by Duarte et al 
(2004) is often applied in practice and the test results validated the method and are essentially tests 
that analyse the joining of reinforced and unreinforced segments in flexural beams. Lopez-Anido et 
al (2003) compared single timber round section piles, with single timber round section piles that 
had been reduced in radius across the centre and reinforced in the area of reduced cross section. 
However, Lopez-Anido and co-workers compared only single samples of timber pile with single 
samples of reinforced reduced-cross-section timber pile and as the strength properties of different 
wood segments are subject to high scatter, it is difficult to realistically compare the two. Radford et 
al (2003) suggested the use of shear spikes to connect FRP to wood as a repair technique. In 
Chapter 2, it was found that the introduction of holes (defects) into a solid timber beam reduces the 
strength of the timber beam and consequently the reinforced beam. It thus seems somewhat 
implausible to introduce shear spikes to connect reinforcements in a repair scenario because the 
timber beam may already be damaged and the introduction o f purpose made defects only increases 
the internal damage. Furthermore, Ronca’s (1999) investigation into bolted repairs suggested that 
the use of mechanical connections was detrimental to the repaired beam stiffness.
The present research has introduced the concept of generating empirical results for the 
mechanical repair of fracture paths in timber beams. As the beams were first fractured and then 
repaired, the mechanical properties of the repaired beams are directly comparable to the original
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strength and stiffness values of the beam in its unreinforced and unfractured state. The outcome is 
that the potential anomalies that may arise through wood heterogeneity and thus, high scatter 
between samples, are effectively removed. The research reported here has also proved that 
compression face repair of tensile face fractured timber beams can be effective in increasing the 
stiffness of the beam provided the reinforcement has a high elastic modulus, a generous volume 
fraction of it is used and the fracture path is not excessive. It has also been shown that repairing 
beams on the compressive face when tensile fracture exists increases the strength of the beam 
again, provided the flexural modulus of the reinforcement is high. This is because when repairing 
on the compressive face, resistance to compressive forces are increased and only when the beam 
reaches a particular moment of curvature will the fracture path propagate on the tensile face. This 
finding bears great relevance to in-situ repairs where, due to some aesthetic or indeed practically 
associated problem, repairs need to be carried out on the compressive face of the beam. Jones' 
(1997) tests are precisely geared towards these types of repairs and the general procedure involves 
the routing of grooves from the compressive face into the beam to beyond the neutral axis (i.e. so 
that there can be allotted some tensile reinforcement). The tests conducted in this chapter comprise 
small material inserts that do not reach the neutral axis and, given that the strength and stiffness 
was improved for the higher modulus reinforcements, the tests could be seen to give weight to 
Jones’ approach to reinforcing, which is commonly applied in constructional repair and includes to 
some extent, tensile reinforcement.
Tensile reinforcements in repair appear to constrain crack growth and the outcome is a 
superior flexural strength relative to the unreinforced equivalent This is true regardless of which 
reinforcement is used. The application of reinforcements to repair should therefore take into 
consideration the necessity of inhibiting crack propagation and perhaps, deeper reinforcements 
would be more effective. Jones (1997) suggested that reinforcements situated at the furthermost 
tensile and compressive fibres of a routed groove are as effective as reinforcements situated 
throughout the groove. Although such an idea is essentially correct when reinforcing solid, 
unffactured timber and agrees with the findings of Chapter 3, the idea is not necessarily 
substantiated when consideration is given to the fracture paths that are present in the timber. This 
being said, with such impressive improvements in mechanical properties witnessed when repairing 
fractured spruce on both faces, it is perhaps sufficient to locate small crack restraining inserts as 
close to the outermost fibres as possible.
The repair procedure is applicable to fractured timber members but cannot be applied to the 
repair of beams that have been damaged through fire, creep, moisture, rot and insect attack. 
Nevertheless, there are a plethora of examples where the testing method can be exploited to better 
understand the application of reinforcements to fractured timber structures as have been reported, 
for example by Biger (1995) and Ronca (1999). Reinforcing fractured members is perhaps the 
riskiest type of timber to repair, as the load supporting medium is often rendered useless in its
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fractured state. It has been verified however, that mechanically repairing fractured timber with steel 
and FRP plates is a highly plausible means of conserving timber structures regardless of the 
magnitude of damage to an individual timber beam.
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4.4 Summary o f research findings
Spruce beams have been fractured under flexural loading and then repaired using a variety of 
reinforcements and geometrical configurations. The repaired beams have subsequently been loaded 
to failure and the effects of the reinforcements and configurations examined.
4.4.1 Flexural properties of unreinforced C16 spruce beams
o The mean flexural modulus of the beams was calculated as 9.6GPa with a standard deviation
about the mean of ±2.3GPa. The mean flexural strength of the beams was calculated as 
27.3MPa with a standard deviation about the mean of ±8.1MPa. 
o The levels of scatter in the flexural properties of the unreinforced spruce beams were too
high to recognise that the mechanical characteristics are in any way influenced by 
characteristic physical attributes such as the ring width and dry density, 
o The strength properties of the C16 beams were influenced by the mode of failure of the
beam. Broadly speaking, beams where fracture is influenced by the presence of knots have 
lower strengths than beams exhibiting failure that is not influenced by knots.
4.4.2 Repaired spruce beams
o Higher stiffness reinforcements are more effective for improving the flexural modulus of
fractured timber beams than are lower modulus reinforcements, 
o Repairs conducted on the tensile face of a beam improve the flexural modulus of the beam by
a greater percentage than repairs administered on the compressive face, 
o Repairs made on both faces of a fractured spruce beam are superior to repairing on only one
face. This is because the contribution of the reinforcements to the flexural modulus is 
essentially doubled.
o The effectiveness of repairing on only the compressive face of a beam depends upon the
magnitude of fracture and the depth of the reinforcing material used. Larger paths render the 
compressive face reinforcements consecutively less useful, 
o Tensile reinforcements and reinforcements located on both faces restrain crack movement
and consequently restore the effective depth of the beam to the outermost edge of the 
reinforcing materials. As a result of this, the flexural modulus of beams repaired in tension 
and on both faces have considerably better flexural moduli than do beams repaired in 
compression.
o Compressive face reinforcements improve the strength of a fractured beam relative to its
unreinforced equivalent if a sufficient volume of the reinforcing material is used and the 
reinforcement has a high flexural modulus. This is because increased compressive resistance
229
Chapter 4  REPAIR OF FRACTURED SPRUCE BEAMS
against loading of the repairing material has to be surpassed before moment curvature effects 
will re-instigate crack growth, 
o Reinforcements located on the tensile face of the spruce beams have the effect of 
constraining crack growth and if the bonding is effective, fracture at failure will originate 
from a different part of the beam. The result of this is a significant improvement in the 
flexural strength over unreinforced equivalents, 
o The strength improvement of a repaired beam seems to be less attributable to the strength and
stiffness properties of the reinforcement and more attributable to its ability to restrain crack 
growth.
o Using the transformed section approach, lower modulus reinforcements, such as GFRP and
FULCRUM, are shown to do as well if not better than higher modulus reinforcement, such as 
steel and CFRP, in improving the flexural strength of fractured spruce beams relative to their 
unreinforced equivalents, 
o The flexural strength and flexural modulus are material properties that are influenced by the
positions and volumes of reinforcement used in repair. The least effective repairs are those 
made on the compression face. The most effective repairs are the repairs made on both faces 
of a fractured beam.
o Fracture paths are highly influenced by the position of the repairs. Usually, fracture will
propagate alongside a reinforcement along the grain axis without passing through it  
o De-bonding is a cause of fracture in timber but timber failure is unlikely to cause de-bonding.
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The research activities undertaken in the preceding three chapters are self - 
contained in content, yet inter-related under a broad generalisation of  ‘timber 
composites for use as constructional materials’. It would certainly be 
worthwhile to develop these research findings to yield practical guidance for  
designing with reinforced timber. An objective o f this chapter, therefore, is to 
provide simple design guidelines based upon the research findings o f Chapters 
2-4 whilst comparing such design considerations with the associated literature.
Another aim o f this chapter is to offer suggestions for continuing the research 
beyond what has already been achieved, since the research conducted to date is 
by no means exclusive. Finally, a summary o f all research conclusions will 
draw the thesis to a close.
5.1 Considerations for designing steel and FRP reinforced 
timber com posites based on research findings
Design principles as well as application rules are provided in this section. The design 
guidance is based upon the results of research reported in this thesis. Where application rules are 
suggested, the guidance leans more towards the modification of pre-existing regulations rather than 
a re-construction of current design codes. Particular attention is paid to the DD ENV 1995-1-1 
(1994), part of Eurocode 5, as this code is progressively being standardised for European use.
5.1.1 Design considerations for steel-timber flitch joints and beams
Research commenced with an investigation into the shot fired nailing technique for 
connecting spruce-steel-spruce composites. The technique, which employs high strength steel nails, 
was applied to both structural joints and beams. With regards to the joints, it was found that the 
Eurocode 5 equations significantly under-predict the load bearing capacity of flitch joints 
connected using high strength steel nails (refer to Figure 2.1.8). The calculated predictions, using 
the guidance in Eurocode 5, are approximately one third of the lowest experimentally determined 
values. For reasons of safety, timber structures are normally designed to incorporate strength 
properties at the lower 5th percentile of an experimental sample set. The Eurocode 5 predictions are 
certainly ‘safe’, however, they yield an extremely pessimistic design resistance when applied to 
high strength steel nails. The use of such a model for predicting the load carrying capacity of high 
strength nails is therefore questionable and for this reason, the mathematical model most 
representative of the failure mode used in Eurocode 5, Equation 5.1-1, was modified.
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Design value for the embedment strength of the nail into one of the timber sections 
Shank diameter of the nail
Lower value of headside or pointside nail penetration 
Design value for the yield moment of the nail
It is believed that there are two major causes for the pessimistic design resistance predictions 
of Equation 5.1-1. First, the yield moment is calculated according to guidance in BS EN 409 
(1993). In this standard, the yield moment is estimated on the basis that the tensile strength of the 
nails is 600MPa. The high strength nails used when using the shot fired technique have a tensile 
strength that is over three times as high. Secondly, Equation 5.1-1 supposes that it is sufficient to 
assume the overall thickness of the timber, as the lower value of headside or pointside nail 
penetration. As the difference between the pointside and headside penetration depths increases, the 
assumption further increases the inaccuracy of the predicted design resistance. Equation 5.1-1 was 
subsequently modified to incorporate a modified yield moment, Myidmt that takes into account the 
tensile strength of the high strength nails relative to the strength of nails upon which BS EN 409 
(1993) is based. The modification of Equation 5.1-1 also accounted for both headside and pointside 
penetration depths into the timber as opposed to simply considering the shallower penetration depth 
(see 2.1.4 for full details). Equation 5.1-2 shows the modified equation.
R  = L 1 / u A ,
V 2 .
' f h X d d t  1 +  y dm
- 1 + afl nz l<*ffhxddti ^ ^ M y d m  t
.(Mode II)...........................................Equation 5.1-2
The prediction for the design resistance as calculated by Equation 5.1-2 lies at the lower 
boundary of the experimental sample range. This equation is evidently more suitable for predicting 
the design resistance of high strength nails that are subject to mode II failure. It is therefore 
suggested that Equation 5.1-2 be used as an application rule for high strength shot fired steel nails 
in timber-steel-timber flitch joints that experience mode II failure.
It may be that mode I or m  failure occurs in composite flitch joints connected by high 
strength nails. This may be due to the slenderness ratio, the embedment strength and the properties 
of the fastener. Using a similar derivation method, described in 2.1.4, the EC5 equations 
representing mode I and mode m  double shear failure (refer to Figure 2.1.8) have also been 
modified and are represented in Equations 5.1-3 and 5.1-4 respectively.
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Rd = 1.1 ^ h,x,d 1— [l + CC0 \ ..................................... (Mode I)............................................. Equation 5.1-3
2
Rd = 1.5 ^ 2 M , M f h u d .(Mode III)...........................................Equation 5.1-4
2^a  -  —
'1
o  fh ,2 ,d
P -
J  h,l,d
f a n  - Design value for the embedment strength of the nail into one of the timber sections
f i 2,d - Design value for the embedment strength of the nail into the other timber section
ti - Penetration depth of the nail into one of the timber sections
t2 - Penetration depth of the nail into the other timber section
d  - Shank diameter of the nail
Mytdm - Modified design value for the yield moment of the nail
It is proposed that Equations 5.1-2-5.1-4 could replace the EC5 equations (refer to Figure 
2 .1 .8 ) when timber-steel-timber joints are fastened with nails that have a tensile strength above 
600MPa.
It is essential for the designer to have an understanding of the load-slip behaviour of a 
nailed composite flitch joint as this improves understanding of ductility or brittleness in the joint. 
This was shown to be possible by developing and manipulating non-linear finite element models as 
has been described in section 2.2. Using a two-dimensional model estimation yields load-slip 
predictions that, when calculated from a natural logarithmic function, were found to be acceptable 
as being equivalent to the experimental mean at a 5% level of significance. The use of non-linear 
finite element methods are hence advisable for the purpose of design as they produce relatively 
accurate numerical results and are also capable of predicting the failure mode of the joint (refer to 
section 2.2 for full details). It is recommended that safety factors be attached to the model 
predictions. This is possible by using material parameters in the model, which are representative of 
timber at the 5th percentile level from the related strength class.
The shot fired nailing technique was used to connect steel-LVL flitch beams, which were 
subjected to flexural loading. The nail spacing arrangement was developed using guidance 
provided in Eurocode 5 (refer to Table 2.3.2). The flexural modulus was found to increase as a 
function of increasing the nailing density. The flexural strength was however found to decrease as a 
function of increasing nailing density. These findings provide design guidance for composite steel- 
timber flitch assemblies that are nailed according to the patterns and densities utilised in the 
experimental work reported here. Structural members are not designed to surpass their limits of
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elastic proportionality and it is perhaps advisable for nailed steel-timber flitch beams to incorporate 
the highest allowable nailing densities (100%) tested in this work. Using the highest nailing density 
also has the advantage of providing higher in-plane resistance to slip between the steel plate and the 
timber and restraining buckling of the steel on the compressive face of the beam. If the highest 
allowable nailing densities are proposed as standard practice, then the flexural modulus of beams 
incorporating any of the lower density nailing series can be reduced by a modification factor. The 
modification factor is taken as a ratio of the median experimental modulus for a beam to the 
median experimental modulus of a beam with the highest density nailing series. The strength of 
beams with lower nailing densities may also be increased by a factor that is calculated as the ratio 
of the median experimental strength for a beam to the median experimental strength of a beam with 
the highest density nailing series. The modification factors for the flexural modulus, kE, and for the 
flexural strength, kamax* are hence given in Table 5.1-1.






Table 5.1-1 Suggested m odification factors for nailed flitch beam s where different nailing densities are 
used. 100% nailing density is advised for design purposes and is  therefore taken as the standard density.
A simple flow chart summarising the design related research findings are presented in 
Figure 5.1.1.
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Flitch joints with thick steel plate (Section 2.1)
Nails tensile strength > 600MPa Nails tensile strength < 600MPa
Use lowest value from ECS equations: 
(Mode D # ? , - U f u J j t
(Mod c m  R ^ u f v s b , ' , -
U u d'l
(Mode IN, R J = l . 5 p M r J h l J d
A M , ,  
2+-----
Expected shear force developing between steel 
plate and timber in a timber-steel-timber flexural 
beam < R j  x No. nail shear planes per beam
/ \
Use lowest value from modified EC5 equations: 




\  fn .u d t i ) a f fk .u d tx
(Mode DI) R i  = l . 5 p M ) d m f t  u d  i  + |j
Flitch beams with thick steel plate (Section 2.3)
I
Nailing density based pn Egg guidance (refer to Table 2.3-2)
Densities: 17%, 33%, 50%, 83%, 100%.
Flexural modulus increases as a function of increasing nailing density. 
Flexural strength decreases as a function of decreasing nailing density. 
Lower nailing densities more susceptible to compressive face buckling. 
Higher nailing densities better for resisting shear forces and thus, slip of 
the steel plate from the timber.
Use 100% nailing density for design, as design parameters 
should not exceed limit of proportionality, which can be 
calculated using non-linear finite element models.
If using lower nailing densities, modification factors &£ and 
k amax (refer to Table 5.1-1) should be applied to mean values of 
flexural modulus and strength values for a 100% nailing density.
F ig u re  5.1.1 S u m m a ry  o f  su g g es ted  d e sig n  c o n s id e r a tio n s  fo r  flitch  jo in ts  an d  b ea m s c o n n e c ted  by  sh o t f ired  n a ils .
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5.1.2 Designing with nailed or adhesive connection techniques
Adhesive bonding was shown in section 3.1 to be superior to nailing for connecting steel to 
timber to maximise the mechanical properties. It is therefore advisable for the designer to take into 
consideration the connection technique to be employed in constructions and its ease of application 
with respect to the enhancement of strength and stiffness.
Shot fired nailing is an easy method of joining but can only realistically be applied to steel 
plates. Uni-directional fibre reinforced plastics may well fracture along the fibre axis if nails are 
shot through at high velocity and very thick plates or rod inserts are almost impossible to connect 
to timber by power driven nails. Although adhesive bonding may be somewhat harder to use as a 
connection method, it is appropriate for applying to reinforcements with different geometrical 
configurations, such as plates or rods. Adhesive bonding is also advantageous, as it does not 
macroscopically damage the reinforcement or the timber. It is nonetheless inevitable that routing 
grooves for reinforcement insertion will be somewhat detrimental to the substrate material.
The use of adhesives has an added advantage in that they act as a barrier between the 
reinforcement and the environment as well as between the reinforcement and the timber. As a 
result, the rate of corrosion for steel reinforcements will be reduced. In contrast, the use of 
mechanical fastenings not only leaves the steel exposed to moisture and perhaps to metals and salts 
that may be present in the wood, but the fasteners may also corrode which reduces the effectiveness 
of the composite, Bengelsdorf (1982). However with adhesives, moisture ingress at the resin- 
substrate boundary is also a worry. Therefore the service class in which the connection method is to 
be exploited should be considered, as should other factors such as the timber treatment used, the 
ambient temperature and the chemical environment as these can accelerate corrosion and lower the 
mechanical properties of the composite.
A flow chart summarising the issues that may influence the choice of connection technique 
in design are summarised in Figure 5.1.2.
237
Chapter 5  CONCLUDING RESEARCH SYNOPSIS
Shot fired nails
Preparatory work




Nailed: Fast connection technique. Limited to use with plate 
reinforcements not exceeding a thickness greater than that which 
the nails can penetrate, and which will not split on nail penetration 
(such as with uni-directional FRP). Can corrode and consequently 
lead to strength loss.
Adhesives: Slow connection technique because there is a time 
dependent curing period. Superior intimacy achievable between 
composite elements. Not limited by geometry (e.g. plates and rods) 
and can be applied to both metallic and uni-directional FRP. Non­
corroding.
Application
Nails and adhesives can be applied for reinforcing solid, 
undamaged timber however, for repairing damaged timber, 
nails introduce extra damage into an already damaged 
beam and so the use of adhesives is advisable.
Preparatory work
In most cases, mechanical or chemical pre­
treatment is necessary to the reinforcement 
(e.g. sanding, acetone wipe, grit blasting).
Flcaw ai modulus (for full depth flitch plates) 
adhesive superior to shot fired nails 
Flexural s&ength
adhesive superior to shot fired nails
Figure 5.1.2 Summary o f  issues influencing to the choice o f connection technique for design o f reinforced timber composites.
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5.1.3 Design considerations for the location and choice of reinforcement
In Chapter 3 finite element simulations demonstrated that small vertical plates, optimally 
located at the outermost fibres of an LVL beam (phase III beams), are a more effective reinforcing 
arrangement than deeper plate inserts, or surface located rod reinforcements, based on equal 
volume fractions for each of the reinforcements. For a designer wishing to optimise mechanical 
performance as a function of volume fraction, it is suggested that plates should be placed into 
grooves routed into the tensile and compressive faces of the beams. The depth of the reinforcing 
plate is more effective than a rod of equal volume fraction, at least if  the plate depth is less than 
four times the diameter of a rod. Ideally, plate surfaces should be flush with the surface of the LVL 
because increasing the distance of the reinforcement from the neutral axis improves the mechanical 
properties. In practice, this may be hard to achieve and plates are more likely to be located below 
the level of the LVL surface.
If the designer however wishes to maximise the flexural stiffness and strength whilst 
minimising the density of the composite beam, then plate reinforcements are not ideal. Figures
5.1.3 and 5.1.4 show plots of the flexural modulus and the flexural strength plotted as a function of 
the composite beam density respectively. The use of rod reinforcements in phase IV beams does a 
better job of minimising the density of a composite whilst still yielding sound flexural properties 
relative to higher density beams using plates of the same reinforcing material. Steel plate 
reinforcements may have higher strength and stiffness properties, but they are very dense 
reinforcements and therefore, if density is to be minimised while retaining good strength 
characteristics, the steel plate reinforcements are not necessarily a first choice.
In Figure 5.1.3 FRP rod-reinforced LVL beams have the lowest densities and possess 
flexural modulus values of 15-20GPa. Steel rod-reinforced LVL beams have only a slightly higher 
composite density than FRP rod reinforced LVL beams and yet the flexural modulus is roughly 
doubled. Furthermore, full depth plate CFRP-reinforced LVL beams (phase I) have a marginally 
higher density than the FRP rod-reinforced LVL samples and also exhibit slightly improved 
flexural modulus values.
The rod reinforcements are also superior with respect to minimising the density whilst 
retaining sound flexural strengths, Figure 5.1.4. In Figure 5.1.4 the CFRP rod-reinforced LVL 
beams have both the lowest density and the highest strengths. Steel rod-reinforced LVL has a 
slightly lower strength and a slightly higher density. The GFRP and FULCRUM rod-reinforced 
LVL beams have a similar density to the phase IV CFRP beams but have strengths that are 
approximately three-quarters of the phase IV CFRP equivalents. In fact, all CFRP reinforced beams 
have lower densities and higher strengths relative to the other reinforcing materials tested.
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CFRP is however, an extremely expensive reinforcement to use for timber. Figures S. 1.5 
and 5.1.6 show the flexural modulus and flexural strengths plotted as a function of the cost of 
reinforcement per composite beam with the axis scaled logarithmically. The costs are taken from 




GFRP (GFRP and FULCRUM) 3000
Table 5.1-2 Prices o f reinforcem ents per in  UK£ per tonne from  Ashby and Jones (1996).
If the objective of design is to minimise cost whilst maximising the mechanical properties, 
then mild steel reinforcements are certainly the preferred choice of reinforcement. This is because 
mild steel has high strength and stiffness properties and is appreciably cheaper than GFRP and 
FULCRUM, which in turn are considerably cheaper than CFRP. The costs of manufacturing phase 
IV beams are lower than for phases I-III because of the lower volume fractions of reinforcement 
used. Yet, phase IV beam geometry enjoys flexural properties that are often as good if not better 
than the phases 1-ID beams using the same reinforcing materials. Therefore the use of reinforcing 
rods can be seen as sensible if the design objective is to minimise cost whilst retaining sound 
mechanical properties. Coupling this with the advantageous low cost of mild steel and its clear 
strength and stiffness enhancement capabilities, the steel rod reinforcements seem to be the better 
choice of material and geometry.
In conclusion, it can be said that the design optimisation of reinforced LVL composites 
depends upon the design objectives. Out of the four test phases, the optimal geometrical 
arrangements for improving the mechanical properties, taking into account the reinforcement 
volume fraction, would be phase m  composite beams. If the transformed section approach is used 
to choose the optimal reinforcing material, then FULCRUM, GFRP and CFRP are seen to perform 
equally well (refer to Figure 3.2.28) whilst also performing better than mild steel reinforcements. If 
density is to be minimised but sound flexural properties are to be retained, then phase IV 
reinforcing rods are superior to plates. The optimal material when minimising density whilst 
maximising the flexural modulus would perhaps be mild steel in the phase IV configuration 
followed by the phase IV FRP reinforced beams. For the flexural strength however, phase IV 
CFRP beams are superior to phase IV mild steel beams and these are followed by GFRP and 
FULCRUM-reinforced phase IV beams. When minimising the cost whilst retaining sound flexural 
properties, the phase IV configuration is the best configuration for all the reinforcements. The 
superior material in the phase IV configuration is without doubt the mild steel. Reiterating what 
was mentioned earlier, it is clear that the choice of reinforcing material as well as the choice of 
composite configuration is wholly dependent upon the design objectives.
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When designing for fracture repair, the experimental research presented in Chapter 4 is relevant 
For example, the effectiveness of compressive face repair is dependent upon the ability of the 
reinforcement-timber composite system to resist critical strains at which pre-existing fracture paths 
can re-commence propagation. It is obvious that if the fracture path were located on the tensile face 
of the beam, the compressive face reinforcement would have to have an extremely high stiffness in 
order to restrain movement under an applied load. If the repair is made on the tensile face, 
however, the strength and stiffness are more easily enhanced. Therefore if restricted access or 
aesthetics necessitate the repairing of a beam from the compressive face, it would be advisable to 
repair as far below the neutral axis into the tensile side as possible. If such deep repairs cannot 
easily be made, higher modulus reinforcements are preferable to lower modulus reinforcements. 
Preferably, reinforcements should be located on both faces for more effective repair. The following 
section (section 5.1.4) shows a flow diagram, Figure 5.1.7, wherein are summarised key design 
conclusions from the research findings.
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5.1.4 Flow chart summarising key design conclusions from thesis findings
Flitch joints 
(Chapter 2)
ECS equations to be 
replaced by modified EC5 
equations for nails with 
tensile strength > 600MPa 
(Chapter 2)
Flitch beams -  full depth steel plate 
(Chapters 2 and 3)









adhesive superior to nails 
Flexural strength 
adhesive superior to nails 
(Chapter 3)






(Chapters 3 and 4)
\/
Phase I, Phase II, Phase III, Phase IV 
(Chapter 3)
Flexural modulus increases with 
increasing nailing density. 
Flexural strength decreases with 
increasing nailing density 
(Chapter 2)
Ftexura (properties
o Stiffer materials better for enhancing flexural modulus 
o Lower modulus reinforcements as effective as high modulus 
materials for strength enhancement (transformed section) 
o Choice of geometrical configuration depends on the properties as a 
function of volume fraction, density and cost 
o Choice of material depends on density and cost minimisation 
alongside maximisation of mechanical properties 




Repair according to 
Type of failure 
Magnitude of fracture 
(Chapter 4)
Repair on both faces is superior to repair in 
tension, which is superior to repair in compression 
(Chapter 4)
Figure 5.1.7 Sum m arised overall design  conclusions based  on  research finding.
244
C hapters CONCLUDING RESEARCH SYNOPSIS
5.2 Conclusions
Thesis conclusions are presented in this section. The first part of this section aims to put the 
research findings into context with other research that has been published within the public domain. 
The subsequent part of this section lists suggestions for the continuation of research and the final 
section summarises the main conclusions of the thesis.
5.2.1 The significance and context of the research
Both mechanical and adhesive joining techniques are employed within the timber 
engineering community because each has particular advantageous qualities. Mechanical joints are 
sometimes difficult to apply to timber structures that comprise metallic inserts or reinforcements 
such as flitch plate reinforcements. This is due to the pre-drilling and alignment activities that 
precede the application of the fasteners. Stem and Kumar (1973). The use of power driven nails are 
therefore extremely attractive and can reduce unwanted preparatory work preceding the application 
of fasteners. It is also unsurprising that power driven nails have to be made from high strength, 
stiffness and hardness materials, such as bainitically hardened steels. Standards such as BS 5268
(2002) and DD ENV 1995-1-1 (1994) provide empirical and theoretical guidance for nailed 
fasteners that have different application methods as well as inferior mechanical properties to power 
driven equivalents. For this reason, research was undertaken, which provided both empirical and 
theoretical results for shot fired nails in flitch joints as well as in flitch beams.
For nailed flitch joints, experimental work showed that the power driven (shot fired) nails 
that were being investigated were able to carry over four times as much load per shear plane as 
compared with the closest equivalents using nail guidance from BS 5268 (2002). This finding is 
somewhat contradictory to the findings of Chui and Chun (2000) who reported that the load 
carrying capacity is related more to the diameter and less to the strength properties. Rather, it 
would seem that both factors are highly influential on the load carrying capabilities of a flitch joint 
Furthermore, the equations for predicting the load carrying capacity as provided in DD ENV 1995- 
1-1 (1994) were not suitable for predicting the load carrying capacities for such high strength nails. 
The obvious next stage was therefore to modify the equations in order to make them more suitable 
for predicting the load carrying capacity of high strength nails. Theoretical work on nailed flitch 
joints exploited the finite element method. The non-linear model developed was different to former 
fastener embedment models [e.g Foschi (1974), Kharouf et al (1998), Moses and Prion (1999) and 
Nishiyama and Ando (2002)] yet predicted the failure mode and load carrying capacity of the joint 
with relative accuracy. The model gave insight as to the origins of failure in the joint as well as the 
extent of the uneven load distribution phenomenon between fasteners, a thorough study of which
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was reported upon by Cramer (1968). As joints are the weakest parts of any timber construction, 
the preliminary investigation into shot fired nailed flitch joints was essential.
Subsequent work focused on flexional members and followed closely Stern and Kumar 
(1973) and Coleman and Hurst (1974) who nailed steel-timber flitch beams with conventional hand 
driven nails and pre-drilling the holes. The flitch beam may be ‘old fashioned* as a timber 
composite, but it is still successfully utilised in large-scale timber constructions, Ban et al (1999). 
Coleman and Hurst (1974) believed that nailing density might affect the flexural properties of flitch 
beams. Although they tried to experimentally prove this, their range of nailing densities was not 
broad enough and so the results they obtained were inconclusive. Since Coleman and Hurst’s 
attempts in 1974, no experimental or theoretical investigation has shown that nailing density affects 
the flexural properties of flitch beams. Yet if there is an effect, these effects should be considered 
when designing. Modification factors for the nailing density were presented here as design 
guidance taking the stiffest nailing density to be the ‘normal’ density for designing with. Moreover, 
additional effects of altering the nailing density were also observed in the failure modes manifested 
by the composite flitch beams and using finite element methods, the nails located along the axis of 
neutrality were shown to have a function in resisting steel-timber interfacial shear forces and hence 
plate slip.
Structural adhesives are also a common joining technique for reinforced timber 
composites. Examination of the literature trends show that modem FRP reinforcements are almost 
exclusively bonded to timber as opposed to mechanically fastened. Researchers of metallic 
reinforcements for timber have also often joined composite members with structural adhesives, e.g. 
Sliker (1962), Peterson (1965), Borgin et al (1968) and Jones (1997). An experimental 
investigation conducted here compared adhesive joining of steel-timber flitch beams with 
equivalent flitch beams joined by shot fired nails. It was shown that the adhesive joining technique 
was superior in mechanically enhancing the strength and stiffness of flitch beams, and it was 
further postulated that the weakness of shot fired nailing on the flexural strength was in the 
introduction of nail hole defects into the wood.
There is an increasing interest in using FRP reinforcements for timber because FRP is not 
susceptible to rusting in the same way that steel is. Additionally, finite element analyses conducted 
herein have confirmed that reinforcement situated at or close to the neutral axis, like a flitch plate, 
is relatively ineffectual. Many researchers have chosen to externally laminate timber using FRP or 
steel reinforcements thereby trying to make the most use of the reinforcement. Reinforcements 
inserted into the timber substrate can be aesthetically more pleasing when structural beams are 
visible to onlookers. Moreover, horizontally laminated timber is susceptible to sudden de­
lamination (Johns and Lacroix, 2000), more so than internally applied reinforcements. The majority 
of research into FRP reinforced timber has focused on horizontally laminating the outermost fibres 
of the timber. Internal rod and plate inserts have been researched, Borgin et al (1968), Dziuba
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(1985), Bulleit et al (1989), but by and large this has been for steel reinforcements. Judiciously 
located rod and plate reinforcements employing both FRP and steel have been tested and 
compared. The geometry has been found to play a role in the flexural properties, however the 
choice of geometry has been found to depend very much on which parameter the designer may 
wish to minimise. Likewise, how one would interpret the benefits of FRP reinforcements again 
depends upon how the interpretation is made. Using a transformed section method allows the 
designer to estimate whether or not using a particular volume of reinforcement is preferential/cost 
worthy, or whether it is better to rather use wood (as the volume of reinforcement is proportional to 
the cost of reinforcement and, the transformed volume is proportional to the cost of wood). In such 
instances, the low modulus FRP reinforcements do well. When the flexural properties of the FRP 
reinforcements are compared with steel as a function of density and of cost, the mild steel is 
superior. Carbon fibre reinforced plastics have been used by numerous researchers to reinforce 
timber [e.g. Gilfillan et al (2001), Dagher et al (1996), Fiorelli and Dias (2003), Itagaki et al
(2003)]. Realistically, CFRP is too expensive given that it has little advantage over other 
reinforcements and although CFRP reinforced concrete is often interesting to structural engineers, 
this is probably because glass fibre reinforced plastics are susceptible to degradation in concrete. In 
timber, GFRP is not susceptible to the same type of attack and therefore, GFRP is a serious 
contender as a reinforcing material because it costs less than CFRP, does not rust like steel, and 
does have some enhancing effects (especially in repair situations) on the flexural properties. The 
research in this thesis has therefore purposely compared traditional low cost mild steel with high 
cost CFRP and low modulus, low cost FRP (GFRP and FULCRUM). Ultimately the CFRP is not 
cost worthy as reinforcement for timber as lower cost materials can work as well depending on the 
design requirements.
It is quite often that researchers will make theoretical predictions of the stiffness or of the 
ultimate strength of reinforced timber [e.g. Moulin et al (1990), Romani and Blap (2001)]. 
Although this information is highly significant, an objective of timber design is to prevent the 
composite beam from ever surpassing its proportional limit of elasticity. To allow a beam to do this 
would increase the chance of structural collapse. The practicalities of being able to predict the limit 
of proportionality, and hence determine the safe working limits of a composite beam are obvious. 
The finite element method has been exploited in this thesis to predict the proportional limit of 
composite beams that are symmetrical about their neutral axis. Better models should be developed 
however, the significance of being able to predict the proportional limit has often been neglected in 
theoretical analyses presented in the literature.
Reinforcing timber that has been damaged in some way can be termed ‘repair’. Repairing 
timber and empirically analysing the consequence of repair is a difficult task. This is reflected in 
the literature as reports of repairing timber have essentially been reports of reinforcing solid timber 
and are accompanied by an assumption that the reinforcement will work in repair scenarios [Jones
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(1997), Radford et al (2002), Ogawa (2000), Lopez-Anido et al (2003)]. An experimental method 
has been developed herein, which allows the properties of a fractured and repaired timber beam to 
be compared directly to its properties prior to fracture and repair (i.e. as a solid timber beam). As 
the method directly compares the repaired beam to its former self, the issue of variability in 
properties between samples does not even arise. An empirical analysis using this method has 
allowed for repair methods to be better understood in terms of both reinforcement technique and 
material requirements.
In conclusion, the research conducted in this thesis has developed pre-existing research 
philosophies to provide new information and ideas that are both academically fascinating and 
practically useful.
5.2.2 Suggestions for the continuation of research
In Chapter 2, testing of one C l6 strength class nailed steel-spruce flitch beam showed that 
the flexural modulus of spruce was enhanced by over 230% relative to its flexural modulus if 
unreinforced and therefore improved the status of the serviceability limits. There is a great deal of 
low quality spruce in the UK that has the potential of being utilised as a building material and an 
investigation into the possibilities of upgrading low quality timber is a must. Dagher et al (1996) 
and Gilfillan et al (2001) have already examined the possibilities of upgrading low-grade timber 
using adhesively bonded FRP reinforcements. Although adhesive bonding is a superior connection 
method, mechanical connections are still in wide use and it would be both informative and 
constructive to better the current understanding of the upgrading possibilities through the 
implementation of nailed connections and flitch plate reinforcements.
It is difficult to find mathematical models that will consistently yield accurate predictions 
for the flexural modulus or strength of reinforced timber. Convincing finite element modelling 
predictions have been made for steel-LVL composite beams using non-linear methods and such 
models ought to be extended to include FRP reinforcements.
There are however, no finite elements that are suitable for adequately modelling the 
orthotropic differential non-linear tensile and compressive characteristics of solid timber. Steps 
were taken in Chapter 3 to overcome this problem through applying certain assumptions for 
symmetrically arranged reinforcements within the timber substrate. These steps however, are not 
efficient and are certainly not applicable to asymmetrically reinforced composites. For this reason, 
it would be meritorious if not essential to develop a finite element that would be suitable for 
modelling the time independent orthotropic elastic-plastic characteristics of timber. Such an 
element could essentially be programmed and compiled into finite element software. Another 
useful aspect that would be beneficial to encode into an element, for analyses of the kind conducted 
in Chapter 3, would of course be the failure criteria in tension, compression and in shear.
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For comparative purpose, it would be beneficial to repair damaged spruce beams by simply 
gluing the fracture path and then re-testing the beam in flexion. It has however been shown that 
there is huge potential in repairing fractured timber with steel and FRP reinforcements. The logical 
next stage would be to reinforce damage in a way that is appropriate to the particular failure mode 
observed in the timber. Deeper fractures could for example be repaired using deeper reinforcements 
for enhanced restraint of crack growth. The axial length of the repairing material and its effects 
upon the enhancement of a fractured beam would also be of interest Small tensile fractures may 
not need to be repaired along the entire length of a beam in order to restrain crack growth. An 
investigation into the significance of the axial length of reinforcement could be both economically 
and practically viable in actual repair situations.
5.2.3 Summary of thesis conclusions
□ Ten specimens of spruce-steel-spruce flitch joints were manufactured and connected using
the shot fired nailing technique. The joints were loaded to failure and the nails consequently
subjected to double shear.
> The load carrying capacity per shear plane was found to be 2.56kN with a standard 
deviation about the mean of ±0.29kN.
>  The joint displayed ductile characteristics until failure.
>  The nails developed a single plastic hinge at the steel-timber interface and compressive 
plastic deformation was observed under the deforming nail (mode II fastener failure). 
This led in many cases to mode I fracture in the spruce along the row of nails in the side 
where the nail heads were located.
>  The average pointside and headside failure angles of the nails were measured as 9.2° and 
8.1° respectively.
□ The Eurocode 5 equations for predicting the load carrying capacity of nails in double shear
are not applicable to high strength steel nails.
>  The EC5 equations for predicting the design resistance of fasteners in double shear were 
modified. The yield moment and the fastener penetration depths were focused upon in 
the modification.
>  The yield moment for a shot fired nail was experimentally determined according to BS 
EN 409 (1993) as 16558Nmm.
>  The predicted characteristic yield moment calculated according to Eurocode 5 was 
5031Nmm.
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> The predicted characteristic yield moment calculated according to the modified Eurocode 
5 equation was 16770Nmm and is much closer to the experimentally determined value.
>  The Eurocode 5 equations predicted a very low load carrying capacity relative to the 
experimental lower bound (less than half the true lower bound).
> The modified equation predicted a load carrying capacity that lay at the experimental 
lower bound and is therefore more accurate than the theory suggested in Eurocode 5.
□ A finite element model exhibiting material non-linearity was developed to predict the load-
slip characteristics of shot fired nailed flitch joints.
>  A curve following the form of a natural logarithm was fitted to the finite element 
predictions for load as a function of the slip of the plate from the spruce and was found to 
be acceptable for predicting the experimental mean to the 5% level of significance.
>  According to model predictions, altering the headside and pointside penetration depths of 
the nails does not significantly affect the load-slip characteristics.
> The model accurately predicted the failure mode of the fasteners in the joint by showing 
that a single plastic hinge developed in the nails at the steel plate to spruce interface, 
which resulted in plastic compressive deformation of the spruce members.
> The models showed that the nails farthest from the loaded edge carry slightly more load 
than the nails closest to the loaded edge.
>  The model also showed that high plastic strains develop locally around the head of the 
nail located farthest from the loaded edge.
>  It is suggested that mode I failure of the spruce is initiated by the conjoint plastic 
embedment of the nail head and shank farthest from the loaded edge.
> The magnitude of shear stress is higher on the upper edges of the nails than it is on the 
lower edges. This is because the lower edges are in contact with spruce, which is softer 
than the steel plate in contact with the upper edges of the steel nails.
□ The effects of varying the nailing density upon the flexural properties of steel-LVL flitch
beams were examined. Finite element models were developed as an aid to the analysis.
> The steel plate reinforcement in the lower density nailing series buckled more 
dramatically due to the larger parallel-to-grain spacing distances between the connecting 
nails.
> Tensile fracture in the LVL follows the parallel-to-grain nailing paths on the tensile face 
more so in the higher density nailing series than in the lower density nailing series.
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>  For all nailing series, high localised normal stresses are distributed in the nails closest to 
the tensile and compressive faces of the beams. Little or no stresses are on the nails 
located along the neutral axis of the beam.
> The nails located along the neutral axis do however experience vertical shear stresses that 
develop between the steel plate and the LVL, as observed in the nails located away from 
the neutral axis. The nails located along the neutral axis therefore increase the resistance 
to interfacial slip between the steel plate and the LVL and are indeed valuable 
contributors to the performance of the composite beam.
> The flexural modulus hardly increases as a function of increasing nailing density. This 
suggests that the steel, when connected using the lowest density, is already contributing 
fully to the stiffness.
> The flexural strength decreases as a function of increasing nailing density. This is 
because the introduction of more nail hole defects makes crack propagation easier when 
deformation is non-recoverable.
> The modulus enhancing properties of nailing a steel plate to wood is more obvious if 
lower modulus wood is used as a substrate.
> The strength reducing effects of nailing a steel plate to wood is more evident if lower 
strength wood is used as a substrate.
□ Comparisons were made between the flexural properties of nailed LVL-steel flitch beams 
and adhesively bonded LVL-steel flitch beams.
> Adhesively bonded flitch beams possess far superior flexural modulus and strength 
properties compared to nailed flitch beams.
> Adhesive bonding coherently bonds the steel plate to the LVL and hence the steel plate 
fully contributes to the stiffness.
>  Similarly, adhesively bonding the composite elements together introduces no defects into 
the LVL and hence the opportunity for cracks to propagate between introduced defects is 
not an issue. As a result, the steel plate contributes most effectively to the overall 
strength enhancement of the composite beam.
□ Grade 43 mild steel, GFRP, CFRP and FULCRUM were used to reinforce LVL beams in 
different geometrical configurations (phase I-IV). The beams were subjected to flexural 
loads. Phase I beams were laminated vertically the full depth of the beam. Phase II beams 
comprised two 40mm deep plates slotted vertically into the tensile and compressive faces of 
the LVL. Phase m  beams comprised four 20mm deep plates slotted vertically into the tensile
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and compressive faces of the LVL. Phase IV beams comprised four rods placed into grooves
on the tensile and compressive faces of the beams.
> Smaller plate reinforcements had a higher tendency to de-bond than the full depth 
vertical laminates.
> The reinforcement-adhesive elements act as barriers to crack propagation across the 
timber. Cracks prefer to travel around the reinforcement-adhesive inclusions rather than 
through them. Fractures propagate more easily across the width of the LVL as the 
reinforcing depth decreases.
>  The flexural modulus is less affected by the volume fraction of reinforcement than it is 
by the geometrical location of the reinforcement. This is also true for the flexural 
strength.
> The use of higher stiffness reinforcements (steel and CFRP) is beneficial for enhancing 
the stiffness but is not necessarily an advantage with regards to strength over lower 
stiffness materials (GFRP and FULCRUM). GFRP and FULCRUM enhance the strength 
of LVL as well as, if not better than CFRP and steel.
> Lower volume fraction reinforcements placed at the outermost fibres of the beam are as 
effective and, in some cases, better than full depth reinforcements for enhancing the 
strength and stiffness properties of composite beams.
□ Non-linear finite element models were developed to determine the flexural response of
adhesively bonded steel-LVL composites in each of the phase I-IV configurations.
> The calculated proportional limits using the results from the numerical simulations were 
very close to the experimentally determined proportional limits for each phase. The worst 
deviations from the experimental results were 8%.
> The calculated values for the flexural modulus using the results from the numerical 
simulations were very close to the experimentally determined values in each phase. The 
worst deviations from the experimental results were 16%.
> The development of axial normal stress contours as well as shear stress contours that 
develop between the steel and the side face of the LVL were examined. Failure is 
believed to be a consequence of axial plastic normal stresses as this commences before 
shear stress plasticity is reached.
>  Axial normal stress contours showed that reinforcing steel plates and rods are more 
effective when the reinforcements are situated at the outermost fibres and become 
progressively ineffectual whilst approaching the neutral axis.
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> The relationship between the reinforcement volume fraction and the flexural modulus 
was best understood by using a power law relationship.
> The relationship between the reinforcement volume fraction and the yield strength was 
best described using a first order relationship.
> When compared on the basis of reinforcement volume fraction, phase m  plates were 
superior to phase IV rods and phase II (deeper) plates in enhancing both the flexural 
modulus and the yield strength of composite beams. Phase I (full depth plates) performed 
the worst.
□ Thirty-six spruce beams were loaded to first fracture and repaired using mild steel, GFRP,
CFRP and FULCRUM plates. Approximately one third of the beams were repaired on only
the compressive face, one third on the tensile face and one third were repaired on both faces.
The beams were loaded to failure and their properties were compared with their individual
properties as unreinforced beams.
> Reinforcements that are stiffer are more effective in re-establishing the flexural modulus 
of fractured spruce beams than lower stiffness reinforcements.
> Repairs made to the tensile face of fractured beams more effectively enhance the flexural 
modulus and strength than repairs made on the compressive face.
> Repairs made on both faces more effectively enhance the flexural modulus and strength 
of fractured beams as the volume fraction of reinforcement is doubled and the 
reinforcement carries both compressive and tensile loads.
> The effectiveness of repairing only the compressive face of a beam depends upon the extent 
of the fracture path and the depth of the reinforcing material used. Larger paths render the 
compressive face reinforcements less useful.
> Repairs made to the tensile face and repairs made to both faces restrain crack movement 
as well as crack growth and restores the overall effective depth of the composite beam. 
As a result of this, these repair procedures improve the flexural modulus and strength 
with greater effect than compressive face repairs.
> Successful repair of a beam depends on the ability of that repair to mend an existing 
fracture path. A good bond between the composite elements is more important than the 
strength and stiffness properties of the reinforcement.
> Pre-existing fracture paths as well as fractures that occur following repair are highly 
influenced by the position of the reinforcing material. Fracture paths are unlikely to pass 
through reinforcement.
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□ Design guidance is suggested based upon the research reported in this thesis.
> Three modified equations for mode I, II and m  failure of fasteners in double shear have 
been proposed as replacements for the EC5 equations when the fasteners have a tensile 
strength above 600MPa and are subjected to double shear.
> Modification factors for strength and stiffness of nailed flitch beams have been 
calculated assuming 100% nailing density to be the optimal density.
>  Adhesives are advisable for obtaining higher strength and stiffness properties but are a 
slower joining technique. Nailed beams are advisable for faster joining of composite 
elements, although they have inferior strength and stiffness properties as compared to 
adhesively bonded beams.
> It is advised that rods and plates should be placed flush with the surface of the beam in 
tension and compression.
> Tensile and compressive plate inserts are the advised reinforcement geometry for 
maximising the strength and stiffness with respect to volume fraction.
> Rod reinforcements are the advised reinforcement geometry if the designer wishes to 
maximise strength and stiffness whilst minimising the density and also the cost
> Mild steel rods are advised for maximising the stiffness whilst minimising the density.
> CFRP is advised for maximising the strength whilst minimising the density.
>  Mild steel rods are advised for maximising the strength and stiffness whilst minimising 
the cost
> If FRP reinforcements are to be used, then GFRP and FULCRUM are better than CFRP 
for minimising the cost.
> The choice of geometry and material for reinforcing and repairing timber beams is 
dependant upon the design objectives, which may include volume fraction 
considerations, minimisation of density and minimisation of cost.
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APPENDIX A  
The transform ed section method
Composite beams are often analysed in structural mechanics using the transformed section 
method. The method involves transforming the cross section of a composite beam comprised of 
two materials or more, into an equivalent beam cross section of only one of the materials. The 
transformed beam cross section, or the transformed section , can then be analysed using beam 
theory for single material beams.
Transformation of a beam cross section is performed using a modular ratio technique, (i.e. 
the elastic modulus of one material, Eh is divided by the elastic modulus o f the material into which 
it is to be transformed, E2). The transformation is complete when a product is formed between this 
ratio of E /E 2 or, n, and the dimensions of the material to be transformed. The beam centroid, which 
is normally calculated for beams of two materials as
£ , |  ydA  +  E2 jy d A  =  0  
1 2
can also therefore be calculated for a transformed beam as
jy n d A +  jy d A  =  0
and the location of the centroid in both cases is the same.
The second moment of area for a beam of two materials is taken as the sum of the 
individual second area moments if the local centroids o f the materials coincide with the global 
centroid of the beam. Figure A -l shows a simple example where the local and global centroids 
coincide for both of the materials. In such a case, the composite second moment of area, lc, is taken 
as
/ c = / , + / 2
Second area moment for 
material 2 is l2
Material 2
Second area moment for 
material 1 is 7/
Local centroids for material 1 and 2  
coincide with beam centroid
Material 1
Figure A -l C om posite beam  w here the local centroid for each m aterial coincides w ith  the global centroid o f  
th e  beam .
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If material 2 is to be transformed into material 1 in Figure A -l, then the modular ratio is 
applied and the transformed second area moment, /, is
E„ .
E,
If £ 2  > Eh then the area section of the transformed material will increase whereas if £ 2  < 
Ei the area fraction will decrease, Figure A-2.
Material 2 transformed
to material 1
Original cross section of 
material 2 — —^
Material 2 transformed
to material 1
For £ 2  > £ 7
Beam centroid
Material 1
For E2 < £ 7
Beam centroid
Material 1
Figure A-2 T ransform ed cross-sections may be larger or sm all than th e  original cross section  depending on  
th e  m odular ratio.
If the local centroid of one of the materials, e.g. /2, does not coincide with the composite 
beam centroid, then the equation
still applies except that I2 is itself calculated using the parallel axis theorem such that
h  = 'Z i + 'L Ay 2
where
i - Local second area moment for the material
A - Area of the material
y  - Distance from the composite beam centroid to the local centroid for the material
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The transformed section method can be used to analyse the stress state of a transformed 
beam at any distance from the beam centroid. A simple example would be that of a composite 
beam where material 2 is horizontally laminated on the tensile face with material 1. Figure A-3 







Figure A-3 C om posite beam  o f  tw o m aterials w here m aterial 2 is  transform ed in to  m aterial 1.
If for the sake of argument, material 1 is wood and material 2 is steel in Figure A-3, then 
the transformed section increases in size. The stress at any depth in the beam can now be 
calculated. For example, to calculate the stresses at the tension fibres, the material 1-2 interface and 
the compression fibres the following three corresponding equations can be used
• ^  MTStresses at tension fibres, <JT = ------
♦Stresses at material 1-2 interface, <JN =
M N
Stresses at compression fibres, <TC =
M C
♦Note, that the stresses at the material 1-2 interface do not calculate the interfacial stresses but rather the stresses in 
material 1 at a depth equivalent to the original material 1-2 interface. This is because the transformed beam is treated as a 
single beam o f material 1 and not a composite beam.
where
M - Bending moment
I, - Transformed second moment of area
T - Distance from beam centroid to tension fibres
N  - Distance from beam centroid to the material 1-2 interface
C - Distance from beam centroid to compression fibres
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This classical method of analysis is used often by timber engineers and the determination 
of transformed stresses can be useful because the efficiency of reinforcement can be judged against 
a theoretically equivalent section of timber. For example the bending strength in a transformed 
beam can be compared to the expected bending strength of solid timber and thereby, the application 
of the reinforcement can be seen to be better or worse than simply increasing the section size of the 
beam. As the magnitude to which the dimension of a transformed section changes depends upon 
both the stiffness properties and the original dimensions of the reinforcement, reinforcing materials 
applied with different volume fractions, geometries and stiffness properties can be easily compared. 
The comparison of properties is otherwise a difficult thing to do as reinforcing materials for timber 
are usually not made to cater for any optimal volume fractions, but are rather purchased with 
prefabricated dimensions.
If the engineer further wishes to calculate the true (untransformed) stresses in say, the 
tension fibres of material 2 in Figure A-3, then the stress at the tension fibres for the transformed 
section, oT, can simply be multiplied with the modular ratio E^Ej. Moreover, the true stresses of 




Theory of anisotropic plasticity used in ANSYS 5.7
Anisotropic plasticity in ANSYS 5.7 employs yield criterion developed initially by Hill 
(1948) and modified by Shih and Lee (1978). It is assumed that the principal axes of an anisotropic 
model coincide with local orthogonal axes. Therefore, the model essentially describes orthotropic 
behaviour. Three important features are incorporated within the anisotropic yield theory used in 
ANSYS 5.7. These include the yield function, the flow-hardening rules and the incompressibility 
associated with plastic flow.
Material yielding commences at an equivalent stress, oe. If the equivalent stress is equal to 
a material yield parameter oy then the material develops plastic strains. Below the equivalent stress, 
the material behaves as an elastic material controlled by the related elastic parameters.
The equivalent stress used for anisotropic plasticity in ANSYS 5.7 is
Where [M] is a matrix, which describes the variation of yield stress with orientation and {L} 
accounts for the difference between the tensile and compressive yield strengths. The vector (a) 
describes the stresses in the material and {a}T is the transpose of this vector. When the equivalent 
stress is equal to a material parameter, K, the material is assumed to yield. The yield criterion is
i{ < r F M < r } - |{ < 7 n L } -*  = 0
The material is assumed to have three orthogonal axes of symmetry and the plastic 
behaviour follows stress-strain characteristics in the directions of three principal axes as well as the 
corresponding shear stress versus shear strain behaviour. The matrix [M] has the form
M n Af13 0 0 0
M 21 M 22 A* 23 0 0 0
M u Af 32 Af33 0 0 0
0 0 0 0 0
0 0 0 0 m 55 0
0 0 0 0 0 Af 66.
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and is symmetric therefore,
M21 = M 12
M3J=Mi3
m 32 = m 23
The individual normal stress terms of M are identified as
Mh=K/o+i<j.i 
M22—K/o+20.2 
M 33= K /(J+3G.3
Where a+i and <7./ are the compressive and tensile yield stresses respectively, in the principlal axes 
of anisotropic symmetry coinciding with the local orthogonal axes, and K  is a material parameter. 
The individual shear stress terms of Af are identified as
M44=K/i42
M ,s=K/ts2
Where r, is the shear stress in planes that correspond to the local orthogonal axes in use, and K  is a 
material parameter. If Mu is normalised to unity, Mu = 1, then
K  = a+iO.i
The vector, {L}, accounts for the difference in tensile and compressive yield strengths and 
has the form
{!}=[/, I , 0 0 Of 
The individual terms from the vector {L} are
A  = ^22  fa+2^ -2)
A  = ^33(^+3^-3 )
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The material is assumed to be plastically incompressible. This means that there is no 
change in volume during plastic straining i.e.
d e f  + de? + d e f  = 0
Where e f  are the plastic strains in the principal axes of anisotropic symmetry. The following 
equations therefore apply
Mu + M12 + Mj3 = 0
M21 + M22 + M23 — 0 
M31 + M32 + M33 = 0
and
L>i + L2 + L3 = 0
The off axis parameters within the matrix [M] are then determined as
**12 = **21 = ~2^ Mn +^ 22 "”^ 33)
**13 = **31 = ” ^ ( * * 1 1  “ **22 + **33)
M 23 =  A/32 =  ~ - ( - A ^ U  ^"**22 ”^ * * 3 3 )
The assumption of plastic incompressibility somewhat constrains the independency of the 
uniaxial normal yield strengths and as a consequence of the equation, Lj + L2 + L? = 0, the 
following consistency equation applies
° + i  ~  ° - \  | ° + 2  ~  ^ - 2  | ° + 3  ~  ^ - 3  _  q
0 +1&-1 ^ + 2 ^ - 2  ^ + 3 ^ - 3
The yield strengths must define a closed yield surface, which is elliptical in cross section. 
The definition of an elliptical yield surface is managed by fulfilling the criterion
A/,2, +M2n +A/ 23-2(MuMn +MaMa+MnMn)<0
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The hardening rule is defined as an incremental work hardening rule such that subsequent 
yield strengths increase with an increase in the total plastic work done on the material. The total 
plastic work, K , is defined by
*„=*V i+A *'
Where n-1 refers to the values at the previous strain and the increment in plastic work, A K , is
* T r i
A/r = {cr} {a ^ }
where 
* t
\ ( j )  - Average stress over the increment
In a uniaxial case, the total plastic work is (see Figure B-l )
Stress
a
>  Plastic strain
Figure B -l U niaxial plastic work
For bi-linear stress-strain behaviour the following linear equation applies
(T = a 0 + E ple pl
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Where aa is an incremental stress point at or beyond the yield stress, € pl is the plastic strain 
corresponding to the stress, a, and the plastic slope, EE1, is related to both the elastic modulus, E, 
and the tangent modulus, ET, by
e « . - 2 L
e - e t
If the equations K = ^ -epi((70 + a )  and <T=ffe + E ple pl are combined, then the updated yield 
stress is
a ^ E ^ K + a l Y *
If this is extended to the anisotropic case then
a ,  ={2 E f K + a f f i
Where j  refers to each of the input stress-strain curves. Finally, the plastic strain ratios relating the 
plastic strains between the orthogonal axes, Riy and assuming the application of a uniaxial force can 
be expressed as
+1 d e f  2Mn<rtl - L 3
R d e f  2Maa ^ - U
+2 d e f  2M32a t l - L s
r  ^e ' — Z,
+3 d e f  2A/23£t,3 - L 2
R d e f  2M ;i<7 -i + L2
'' d e f  2Af31<7_,+I3
R _ d e f  _ 2M ao_2 +L,
' 2 d e f  2M32a_1 +L3
R  d & f  _  2 M l 3 <y_ 3  -t- L y
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Comparison o f experimental and theoretical Phase I steel- 
LVL beam from Table 3.2-3
Calculation o f th e  experim ental flexural m odulus
The experimental flexural modulus is calculated by taking two points on a linear elastic portion of a 
force-deflection curve and converting them to points representing stress and strain respectively. 
The two values for force, F, and centre point deflection, 8, are:
F, = 17104.3N and F2 = 12919.7N 
81 = 0.509mm and S2 = 0.384mm.
The forces are converted into stress, a, using




Distance from loading point to reaction point = 600mm 
Elastic composite section modulus of the beam.
Since the local and global centroids of a phase I beam are the same, the elastic composite section 
modulus is calculated as
Where
b Width of a composite element 
Depth of a composite element.h
The parameters used for the mild steel, adhesive and the LVL are as follows:
Mild steel: b = 6mm and h = 100mm
Adhesive: b = 4mm and h = 100mm
LVL: b = 51mm and h = 110mm





+ 2 4x100 + 2 51x1102 ^ = 222366.6mm3





= 23.08Nmrrf2 — 23080000Vm-2 and 
= l7.43Nmm~2 = 17430000Mn‘2.
The strains are now calculated from the centre point deflection. Assuming pure bending and hence 
a perfect curvature in the beam, the radius on the compressive face of the beam, R, is calculated 
using Pythagorean theory such that
R =






Half the distance between the upper loading points.
The radii at the specified deflections are therefore
_ 0.5092 + 3002













Therefore, the strain for each deflection on the compressive face of the beam is
e. = —  = 0.00062199and 
Ri 
e ,  = —  = 0.00046982 
*2
Now, following Hookean elasticity, the flexural modulus, is calculated as the difference 
between the two stresses divided by the difference in the two strains, i.e.
E  = = 23080000-17430000 5650000 y j  13C P q
1 e, - f ,  0.00062199 -  0.00046982 0.00015217 "— :----------'
Calculation o f th e  theore tical flexural m odulus
The theoretical flexural modulus is calculated using Equation 3.2-19 in Chapter 3. The composite 
second moment of area, 7C, is calculated as the sum of the individual second area moments for the
adhesive, the steel and the LVL since the local centroid of each coincides with the global beam
centroid. The equation for the composite second area moment is therefore
/  -  V
c V  12
Where
b - Width of a composite element
h - Depth of a composite element.
The parameters used for the mild steel, adhesive and the LVL are as follows:
Mild steel: b = 6mm and h = 100mm 
Adhesive: b -  4mm and h = 100mm 
LVL: b = 51mm and h = 110mm
The individual second area moments for the mild steel, /5, for the adhesive, /„, and for the LVL, Iw 
are




j bh J  4x100I = ---------=  2 ----------------
fl 12 12




Therefore the second moment of area for a phase I LVL-steel-LVL beam is
/  =
(  6 x 100I 12 + 2 4x100 3  ^12 + 2 51x1103  ^12 = 12480166.6mm4.
The elastic modulus values for the individual composite elements are
Mild steel = 210GPa 
Adhesive = l.IGPa 
LVL = 14GPa
and Equation 3.2-19 can now be used to calculate the theoretical flexural modulus, Ef.
_ 210/, + 1.1/, +14/w _ 21.16GPa.
* I .  ----------------
R atio  o f  th e  exp erim en ta l to  th e  th eo retica l
Finally, the experimental flexural modulus and the theoretical flexural modulus are rounded to 1 
decimal place and a ratio is made between the two
Experimental,Ef 37.1 ^
Theoretical, Ef  21.2
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